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The Facility for Antiproton and Ion Research
(FAIR) is in its final construction stage next to the
campus of the Gesellschaft fiir Schwerionenforschung
Helmholtzzentrum for heavy-ion research in
Darmstadt, Germany. Once it starts its operation, it
will be the main nuclear physics research facility in
many basic sciences and their applications in Europe
for the coming decades. Owing to the ability of the
new fragment separator, Super-FRagment Separator,
to produce high-intensity radioactive ion beams
in the energy range up to about 2 GeV/nucleon,
these can be used in various nuclear reactions. This
opens a unique opportunity for various nuclear
structure studies across a range of fields and scales:
from low-energy physics via the investigation of
multi-neutron systems and halos to high-density
nuclear matter and the equation of state, following
heavy-ion collisions, fission and study of short-range
correlations in nuclei and hypernuclei. The newly
developed reactions with relativistic radioactive
beams (R’B) set up at FAIR would be the most
suitable and versatile for such studies. An overview

© 2024 The Author(s). Published by the Royal Society. All rights reserved.


http://orcid.org/
http://orcid.org/0000-0003-4991-712X
https://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2023.0121&domain=pdf&date_stamp=2024-06-24
https://doi.org/10.1098/rsta.2023.0121

Downloaded from https://royal societypublishing.org/ on 01 July 2024

of highlighted physics cases foreseen at R’B is given, along with possible future
opportunities, at FAIR.

This article is part of the theme issue ‘The liminal position of Nuclear Physics: from
hadrons to neutron stars’.

1. Introduction

A main frontier in nuclear structure studies today is the physics of radioactive ion beams.
About 300 stable or long-lived isotopes can be found in nature. These tightly bound nuclei are
located at the valley of stability. By adding neutrons or protons to (or equivalently removing
protons or neutrons from) them, one moves to unstable, short-lived radioactive isotopes, until
reaching the limit of existence of nuclear binding, the neutron and proton drip lines. Beyond the
drip lines, the nuclear interaction cannot bind additional neutrons or protons to a nucleus, and
the systems are unstable against the emission of nucleons.

As most of the short-lived isotopes do not exist on earth, they have to be synthesized from
stable nuclei, most often accelerated in an ion state, and studied just after production, before
radioactive decay, e.g. by -decay, a-decay or fission. Owing to the developments of new-gen-
eration radioactive ion beam (RIB) facilities worldwide, a broad range of short-lived isotopes
have been produced, including those with extreme neutron-to-proton ratios. As of today, about
half of the predicted exotic nuclei are still unexplored owing to experimental challenges in their
production. The proton drip line is well-established up to a high atomic number (Z = 93) [1],
since it is located closer to stability owing to the Coulomb interaction. The neutron drip line,
on the other hand, is located further away from the valley of stability and is currently known
only up to neon (Z = 10) at *Ne [2], 12 neutrons away from stability. RIBs, at a wide range of
nuclear species and energies, offer a unique possibility to access many aspects of the nuclear
many-body problem as well as prospects for exotic structure phenomena not observed in stable
nuclei. The occurrence of new features is related to the large isospin asymmetry in these nuclei
and their low-binding energy, thus the vicinity to the continuum.

In the last few decades, experiments with RIB have revealed a variety of new nuclear
phenomena. The shell evolution of extremely neutron-rich nuclei appears to have a differ-
ent structure than the traditional one of stable nuclei, where known-so-far magic numbers
disappear while new ones emerge in different regions of the nuclear chart [3]. Far from stability,
at the edge of the neutron drip line, where valence neutrons are loosely bound, halo effects
appear, and the neutron wave function extends far beyond the typical radius of the nucleus. The
studies of halo nuclei were initiated in the mid-80s from interaction cross-section measurements
of light neutron-rich nuclei [4], where high-energy radioactive beams have first been used for
nuclear reactions. The unexpectedly large matter radius of 'Li was interpreted as a system
composed of a °Li core with two neutrons whose wave functions extend through quantum
tunnelling to a region of space that is classically forbidden [5]. Meanwhile, several halo nuclei
have been identified and characterized with weakly bound s- or p-wave neutrons. Complemen-
tary observables have been used from direct reactions and spectroscopy after neutron transfer,
knockout or Coulomb excitation, charge radii from isotopic shifts and matter radii from elastic
scattering. For heavier nuclei, neutron skins develop, corresponding to a neutron density higher
than that of the proton at the nuclear surface.

Of particular interest are two-neutron halo nuclei, where correlations among the neutrons
play an essential role. Loosely spaced Bardeen—Cooper—Schrieffer pairing correlation between
two nucleons is known to stabilize nuclei. On the other hand, in neutron-rich nuclei in the
region of low density, a compact space correlation is expected to appear, the di-neutron
correlation. Two-neutron Borromean nuclei are well suited to study this low-density correla-
tion. Di-neutron correlation has been evidenced in such Borromean nuclei near the neutron

L2L0707 <286 /205y upif 144 ®Iy/eunolbiobusigndigaposiedo B



Downloaded from https://royal societypublishing.org/ on 01 July 2024

drip line, suggesting it to be a universal feature [6]. At extreme neutron-to-proton asymmetry
beyond the neutron drip line, the neutron—neutron (NN) correlations are of great importance.
The most neutron-rich systems are unbound neutron states beyond the drip line, where neutron
cluster emission is expected. For example, two-neutron emission from unbound "He or *O and
possibly the occurrence of heavier multi-neutron clusters.

Nuclear reactions are essential to address the physics at the limit of stability. In particular, a
powerful method applied to radioactive beams is quasifree scattering (QFS), which is well-
established as a spectroscopic tool for nuclear structures [7]. Moreover, QFS nucleon knock-out
reactions in inverse kinematics offer a new and unique approach for fission studies [8,9].
The fissioning nuclei induced by, e.g. (p,2pf) reactions (f the fission fragments) can be fully
characterized in terms of their excitation energy.

Nuclear physics has an enormous impact on astrophysics, from the microscopic properties
of neutron stars to the nucleosynthesis of heavy elements. In particular, neutron-rich matter at
very low densities provides insight into the physics at the inner crust of neutron stars, where
the density is smaller than the nuclear saturation density, oo, 10 < p/py S 0.5. In such low
densities, the large s-wave scattering length of the NN interaction dominates. At intermediate
nuclear densities, it guides and constrains the physics of neutron-rich nuclei, which are key
for understanding nucleosynthesis. At higher densities that exceed several saturation densities,
such as those reached in the core of neutron stars, the state of nuclear matter is still unknown.
At these high densities, exotic states of matter containing strange quarks, hyperons, correlated
quark matter or quark-gluon plasma can emerge [10]. As such, neutron stars are also a testing
ground for two- and few-body hadronic interactions.

A worldwide effort has developed in the last two decades to study nuclear matter over
a wide density range and isospin asymmetry, both experimentally and theoretically. A key
ingredient for modelling such dense matter is the equation of state (EOS), i.e. the thermody-
namical properties of matter under extreme conditions of density, temperature, gravity and
isospin, which depends strongly on the constituents of the matter and the interactions among
them. A precise knowledge of the EOS is essential for assessing the physics of neutron stars,
mergers, supernova explosions and the nucleosynthesis of heavy elements.

Nuclear structure studies address the region around saturation density and give precious
information to constrain the nuclear EOS, which can be extrapolated up to 2p, using an
extrapolation by using effective field theory (EFT) and interactions calibrated around py,
thus overlapping with constraints from heavy-ion collisions (see below). Nuclear ground-state
properties and nuclear excitations carry information on the symmetry energy, which relates
between pure neutron matter and symmetric nuclear matter, and the neutron pressure at
around nuclear saturation density (see [11] for a review). Experimental methods to deter-
mine the electric dipole polarizability and neutron-skin thickness of neutron-rich nuclei, both
constraining the neutron pressure around saturation density and zero temperature, have been
developed recently [12,13]. Most of the relevant densities in the inner region of neutron stars,
however, are not accessible at laboratory experiments, and experimental constrains on the
properties of neutron-rich matter are still very scarce.

Understanding the properties of high-density nuclear matter would benefit from the
microscopic description of short-range correlated (SRC) nucleons in the nuclear ground-state
wave function, governed by the fundamental nucleon-nucleon (NN) interaction at short
distances. At relativistic energies of around 1.5 GeV/nucleon, densities up to 3p, can also be
reached by colliding two energetic heavy nuclei against each other, e.g. Au + Au [14]. In this
way, the different phases of matter under extreme conditions of temperature and density may
be investigated. Finally, the inner composition of neutron stars remains an open question. At
high densities, strange nuclear matter is expected to be stable [15-17], leading to a significant
fraction of strange quarks in the form of kaons and hyperons. Those will influence the EOS, e.g.
their presence will soften it, following the hyperon-nucleon (YN) interactions and interactions
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involving hyperons in general, all of which are poorly constrained nowadays owing to lack
of experimental data. The YN interactions can be investigated via spectroscopy of short-lived
hypernuclei, although the experimental data are very limited so far [18], in particular for
neutron-rich hypernuclei that could provide key information related to strangeness in dense
neutron-rich matter. Measurements of the binding energy of new hypernuclei will allow us to
constrain the YN interactions and derive an EOS with variable isospin and strangeness up to
~200. On the other hand, the EOS from high density down to 5p, can be derived from QCD
using, e.g. functional renormalization group techniques, extended to include strangeness. The
trend of predictions towards low densities can be compared to chiral EFT predictions, as has
been done for nucleonic matter [19], obtaining the EOS from low to high densities.

The upcoming international Facility for Antiproton and Ion Research (FAIR), foreseen to
start operation in 2028, will open up an unprecedented range of exotic ion beams and will
provide opportunities for nuclear structure studies on the physics presented above. It aims to
be a world-leading, powerful facility for reaching high-intensity radioactive beams produced
at energy of up to about 2 GeV/nucleon. The scientific programme at FAIR is divided into the
following four pillars: atomic physics, plasma physics and applications; nuclear-matter physics
(within the compressed baryonic matter (CBM) and high-acceptance di-electron spectrometer
(HADES) experiments); physics with high-energy antiprotons; and nuclear structure, astrophy-
sics and reactions (NuSTAR).

The present Gesellschaft fiir Schwerionenforschung (GSI) facility already provides relativis-
tic rare-isotope beams produced from primary beams of all stable and long-lived isotopes from
'H up to **U, which can be accelerated to energies of 4.5 and 1 GeV/nucleon, respectively.
The acceleration scheme of the stable primary beams is performed through a three-step chain:
ion-source terminals provide charged stable ions, which are then injected into a linear accelera-
tor and transferred into the SIS18 synchrotron [20], where they can be further accelerated up to
magnetic rigidity of 18 Tm. The primary beams are transported into the FRagment Separator
(FRS) [21] where secondary exotic beams can be produced via in-flight projectile fragmentation
or fission. The reaction products are then separated and selected in the FRS through a multi-
stage spectrometer consisting of dipoles and quadrupoles and delivered into the experimental
hall.

At FAIR, the existing GSI facility will provide the injector from SIS18 into the new SIS100
(100 Tm) synchrotron [22]. A major gain of 3—4 orders of magnitude is expected in the intensity
of the secondary beams compared to GSI [23]. This increase will be feasible via the following
twofold development: (i) an increase of 2-3 orders of magnitude in the primary beam intensities
by faster cycling and acceleration of lower charge states in SIS18, reducing the space-charge
limit and therefore allowing more ions per bunch, and (ii) larger angular and momentum
acceptance of the FRS, using the Super-FRS (20 Tm) [24,25]. This is achieved by substantially
larger apertures of all ion-optical stages of the separator [26] compared to the FRS.

The Super-FRS will provide the secondary beams for the NuSTAR experiments grouped
into low- and high-energy branches. The low-energy branch includes experiments that use
ion beams at lower energy than those produced by the Super-FRS. The energy range can be
divided into the following different regions: stopped beams, beams with energies at the range
of 30-150 MeV/nucleon and stopped and re-accelerated beams (0-60 keV). The directly stopped
beams will be used in the DESPEC experiment [27], which focuses on decay spectroscopy
of very exotic isotopes. The energetic beams will be used at the HISPEC set-up [27], which
aims at in-beam gamma spectroscopy with the highest resolution. The new advanced gamma
tracking array AGATA, which will be the core of the HISPEC experiment, is a large-acceptance
spectrometer that will have 4t coverage when completed, designed for y-ray measurements
from a few 10 keV to above 10 MeV with high efficiency and excellent resolution [28]. The
high-energy branch will include the reactions with relativistic radioactive beams (R°B) set-up,
where reactions with relativistic ion beams at the energy range of about 0.3-2 GeV/nucleon
will be studied. The physics programme of FAIR has already begun at GSI in 2018 as the FAIR
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Phase-0 stage. NuSTAR detectors have been used in experiments, both for their commissioning
as well as physics measurements, before final installation at the FAIR site.

In this review, we focus on the physics at the R’B set-up at FAIR. Section 2 presents an
overview of the set-up, along with various physics cases in §3 that can be studied and are of
high interest for nuclear structure. In addition, further opportunities at FAIR are discussed in
§4, including scattering of light ions and electrons in storage rings as well as the concept of
multi-GeV experiments with radioactive beams.

2. The R°B experimental set-up

The set-up for the R’B is specifically designed for experiments involving radioactive ions with
energies of several hundreds of MeV per nucleon. R’B can accommodate a variety of secondary
beams produced at the FRS. This allows experimenting on short-lived relativistic nuclei with
significant excess of protons or neutrons, in some cases approaching the drip line limits of
nucleon binding.

The secondary beams are delivered to the experimental area of R’B, where event-by-event
identification and tracking of individual isotopes are performed by dedicated beam-line
detectors. A scintillator-based timing counter provides the time-of-flight (ToF) information
with respect to the start detector at FRS, as well as relative to the downstream ToF detectors
situated behind the GLAD spectrometer. The ToF is then used for incoming beam identification
by extracting its mass-to-charge ratio. The identification is completed with a multi-sampling
ionization chamber (MUSIC) [29], where the deposited energy is used to deduce the atomic
charge number of the projectile. With the help of tracking detectors based on multi-wire
proportional chambers [30], the position and angle of the incoming beams can be accurately
measured. The set-up is operating a sophisticated data-acquisition system of multi-channel
coincidences and synchronized triggers spread in space over 15 m (equivalent to ToF < 52 ns
for massive particles). Figure 1 shows a schematic overview of the R’B experimental set-up. The
particular configuration and use of detectors are flexible and can be optimized for each specific
experiment.

The reaction target for secondary beams at R’B is chosen according to individual physics
cases. In the QFS configuration, a liquid Hj target is used to induce nucleon or cluster removal
from a projectile nucleus. The working principle of the liquid-hydrogen target is as follows
(e.g. [35]). The hydrogen is liquefied in a cryostat (cold head mounted on the cryostat and
compressor in the vicinity of the cryostat) at a temperature of 19 K. The target relies on the
thermosyphon principle, where the hydrogen is both the target material and the cryo-coolant,

following the concept of Louchart et al. [35]. A vacuum of 1077 mb is imposed in the cryostat
and in the target chamber to prevent heat flux via convection. The target cell is made of mylar
and composed of an entrance window of 120 pm and an exit window of 180 um. The target
cell diameter is 42 mm, compatible with the beam spot size, and it is further wrapped in several
5 pm thick multi-layer insulation foils to reduce the heat flux via radiation. For this type of
experiment, various LHj target thicknesses are available with a current maximum of 150 mm. In
other measurements, it is possible to use various solid targets of different thicknesses such as,
for example, Pb to study Coulomb breakup or pure carbon targets for knockout and other types
of reactions.

Owing to the nature of inverse kinematics, the reaction products continue in the forward
direction, allowing for an exclusive measurement, where all particles in the final state are
detected, leading to a background-free measurement. Owing to relativistic velocities, the
reaction products with small transverse momenta are concentrated within a narrow cone
around the beam axis and can be guided through the large superconducting spectrometer
GLAD [32]—a primary component of the R’B set-up. Its substantial acceptance of +80 mrad
and wide exit aperture with a maximum bending angle of around 40" allow us to measure a
variety of forward reaction products, spanning from lightest charged and neutral particles, such
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Figure 1. R®B configuration for the first experiment on short-range NN correlations in radioactive nuclei [31]. Trajectories
of the forward reaction products through the GLAD spectrometer [32] are shown schematically by different colours. Inset
figure displays the interior of the CALIFA calorimeter [33,34], which accommodates the LH? target chamber together with the
target-recoil tracking system. Courtesy of Daniel Korper, GSI.

as protons, neutrons or m-mesons, to heavier ions extending all the way to the trans-lead mass
region. A maximum integrated field of 4.8 Tm can be achieved in GLAD, maintaining the field
values around 2.2 T in the central region of the spectrometer. Using these settings, a bending
angle of 14" at the spectrometer’s exit can be obtained for 20 Tm beams.

The large inner gap of GLAD allows, in some cases, placing the reaction targets directly
inside the spectrometer, for example, in future experiments dedicated to hypernuclei [36]. In the
standard R’B configuration, the target is positioned directly in front of GLAD, inside a vacuum
chamber surrounded by the CALIFA calorimeter (CALorimeter for the In-Flight detection of
y-rays and light-charged pArticles) [33,34], as shown in the inset of figure 1. CALIFA serves
as a high-resolution spectrometer for y-rays as well as a calorimeter for high-energy charged
particles escaping the reaction target. It is divided into two separate regions: an “EndCap’ for
forward polar angles from the beam pipe aperture to 43" and a cylindrical ‘Barrel’ covering
an angular range from 43’to 140". The Barrel part is composed of 1952 long CsI(Tl) pyramidal
frustum crystals [37,38] in six different geometries with a rectangular base, coupled to large
area avalanche photodiodes (APDs) with two 10 x 10 mm? sensors [39]. The inner radius of
the Barrel is around 30 cm, and the Barrel has an approximate crystal volume of 285 1. The
forward EndCap is divided into two sections: the inner region, named CEPA, covers polar
angles between 7" and 19°, while the outer region, named iPhos, covers polar angles from
19’to 43". The CEPA and iPhos rings are composed of 112 and 480 CsI(T1) crystal scintillators,
respectively, with a length of around 22 cm similar to the ones in the most forward angles of
the Barrel part. These crystals make use of the two scintillation decays in CsI(Tl) to determine
the energy deposited by the particles by integrating the signals in a short- and long-time
period. The combination of these two variables gives access to the total energy of particles
punching through the detector with a resolution of around 13% [40]. The Barrel crystal APDs
are read by charge-sensitive pre-amplifier modules. The EndCap APDs are connected to similar
pre-amplifiers, which enable the usage of the two gain stages (1x/10x gain) in parallel. The
high gain signal is primarily used for low-energy gamma spectroscopy, whereas the low gain
signal is mainly used for trigger generation and for the energy measurement of high-energy
charged particles, which are either stopped, or punching through the crystals. Gamma-rays
emitted by a relativistic nucleus suffer a substantial Lorentz boost so that the energy in the
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laboratory frame is strongly correlated with the emission angle. The length of the crystals was
chosen to provide the necessary detection efficiency in each angular region. The granularity of
the crystals was chosen as a compromise between energy resolution and Doppler broadening.
An average angular coverage by an individual crystal is around 3’ for polar angles and around
6 for azimuth angles. The resulting energy resolution after the Doppler correction is found
to be around 5% for 2.1 MeV y-ray emitted from "B moving with a kinetic energy close to
400 MeV/nucleon. Moreover, the kinetic energy of charged particles, such as protons, can be
reconstructed with a resolution better than 2% for energies up to 320 MeV.

In addition to CALIFA, a complementary large-acceptance tracking system around the target
is essential to reconstruct with high-resolution positions and angles of the outgoing charged
reaction products. The required angular resolution provided by such a system should be on
the order of a few mrad that corresponds to the missing-mass resolution around a few MeV
for (p,2p) and (p,3p) reactions at typical R’B energies. Besides that, a reaction vertex in an
extended target has to be reconstructed with high accuracy (better than a few mm) to improve
the Doppler correction of y-rays detected by CALIFA. These requirements are fulfilled by the
present target-recoil tracking system with two-arm configuration in which each arm consists of
an array of four single-sided FOOT-type [41] 150 pum thick and 96 x 96 cm? square silicon-strip
detectors. The tracking arms are installed in close proximity to the reaction target, as shown in
the inset of figure 1. A single FOOT sensor is segmented into 640 readout strips with a pitch size
of 150 um (implant pitch 50 pm) and coupled to the front-end electronics board carrying ten
64-channel charge-sensitive pre-amplifier ASIC chips of a type IDE1140 from IDEAS (Norway).
The analogue signals from the chips are digitized by 32-bit ADC units that are coupled to
dedicated readout modules based on FPGA boards. The detectors provide high sensitivity to
the minimume-ionizing particles and operate with an external trigger signal at the maximum
readout rate presently being around 6 kHz. The usage of charge-sensitive pre-amplifiers also
allows the use of FOOT as in-beam detectors downstream of the target for tracking and charge
identification of outgoing fragments, at least in the case of light-ion secondary beams (Z < 20).
In the upcoming years, this FOOT-based target-recoil tracker system will be upgraded with
a new technology based on ultra-thin silicon-based Monolithic Active Pixel Sensors, called
ALPIDE, developed by the ALICE collaboration [42], which were used to equip the ALICE
inner tracking device (ITS2). The pixel silicon sensor has a thickness of 50 pm and can provide
the position of charged particles with a resolution of around 12 um full width at half maximum
(FWHM) and a detection efficiency above 99%. This new device will allow to increase the
readout rate up to 1 MHz and to reconstruct the missing-mass spectra with resolutions of 2-3
MeV (FWHM).

The identification of outgoing reaction fragments passing through the magnetic field of
GLAD also requires high-resolution tracking detectors behind the spectrometer. For this
purpose, various detectors based on thin scintillating fibres were built. The detectors are
produced at GSI where a custom technology is used for winding the fibres and thus arranging
them into homogeneous one-dimensional layers. So far a maximum active area of 50x50 cm’
has been produced. Depending on the experimental needs, different fibre thicknesses of 0.2,
0.5 and 1 mm with square cross-section can be chosen, providing a rather uniform material
budget. The scintillating light produced by a charged particle is converted into analogue
signals on both ends of a single fibre using either high-density multi-anode PMT (MAPMT)
or multi-pixel photon counter (MPPC) from Hamamatsu. The former (MAPMT) is superior in
terms of dynamic range, since the gain of the PMT can be easily adopted. On the other hand,
using MPPCs allows the detectors to be placed close to the exit of GLAD, where conventional
PMTs would suffer from the substantial magnetic fringe field that can reach several tens of
mT. Furthermore, the MPPCs allow for a more compact construction of the detector. The PMT
signals are processed by readout electronics based on the KINTEX Logic Module, developed
at GSI. It consists of a combination of a PreAmplifier DIscriminator together with an FPGA
time-to-digital-converter (TDC), providing digital output for the rising and falling times of the

17405207 28€ 205 Y Subi g eisyfeuInol/bio bunsigndigaposieos B



Downloaded from https://royal societypublishing.org/ on 01 July 2024

signals with respect to given threshold values. The MPPCs use a slightly different readout
based on the DiRich pre-amplifier together with a FPGA TDC combined on one PCB (GSI
development). Both readout alternatives allow us to measure the time over threshold that
is correlated to the amplitude of the signal. The fibre detectors can provide high individual
efficiency above 92% for the detection of charged particles with Z > 2 and can operate at the
maximum readout rates of a few tens of kHz. The fragment-tracking arm is completed with the
ToF detector ToFD, which is able to measure relativistic heavy ions of all charges with relative
energy-loss precision of up to 1% and a time precision of up to 14 ps (Sigma) [43]. The detector
consists of four planes of 44 vertical scintillator bars with dimensions of 27 x 1000 x 5 mm? and
the resulting total active area of 1200 x 1000 mm?. Overall, the momentum resolution of about

8P/P = 10* around the reaction target can be achieved from fragment tracking.

For fission studies, a double MUSIC (twin-MUSIC) [29,44-46] is used to obtain the atomic
number of the two fission fragments simultaneously. The twin-MUSIC detector has a central
vertical cathode that divides its volume into two active regions (left and right), which are
divided into two sections (up and down). Each section is segmented into 16 anodes that provide
16 independent energy-loss and drift-time measurements that are read out in parallel by fast
high-resolution time and amplitude digitizers (MDPP-16) provided by mesytec. When a fission
fragment passes through a section, the energy deposited in the anodes is added to obtain the
fission fragment atomic number with a resolution of AZ <0.4 (FWHM), as shown in figure
2, whereas the angles on the X-Z plane are obtained from a linear fit of the 16 drift-time
measurements with a resolution better than 1 mrad (FWHM).

The Resistive Plate Chamber (RPC) detector, located behind the GLAD superconducting
magnet, has been incorporated into the R’B set-up with the goal of precise momentum
measurement of light-charged particles (p, d, a, etc.), based on ToF measurement, emitted in
the forward direction. It consists of two multi-gap RPC modules [47], where each one is placed
in a gas-tight box connected to gas and high voltage via feed-throughs. Each module has six
gas gaps created by seven 1 mm thick float glass electrodes of about 1550 x1250 mm? separated
by 0.3 mm nylon monofilaments. The two RPC modules are read out simultaneously by a
readout strip plane equipped on one side with 41 copper strips (29 mm in width and 30 mm
in pitch) with a length of 1600 mm located in between the two modules. The readout scheme is
completed by two ground planes at the top and bottom of the two modules. The full assembly
is contained in an aluminium box, providing electromagnetic insulation such that it can be
placed close to GLAD. In the first beam time commissioning, the detector demonstrated high
performances with detection efficiency above 95% and ToF accuracy better than 235 ps (FWHM)
[47].

One of the key features of the R’B set-up, provided by the New Large-Area Neutron
Detector (NeuLAND) [48], is its highly efficient detection of neutrons with energies above
100 MeV that result from the interaction of the beam in the target. NeuLAND is placed at 0’
behind GLAD at a distance of 15-35 m downstream from the target to measure the neutrons,
which move undisturbed in the beam direction, not being affected by the magnetic field. In its
final configuration, NeuLAND will consist of 3000 individual organic-scintillator submodules
of BC-408 type with dimensions of 5 x 5 x 250 cm® arranged in 30 double planes with 100
submodules each. This results in a total active area of 250 x 250 cm” and in 3 m thickness of
the active material with a spatial resolution of around ¢ = 1.5 cm. The operation of such a large
scintillating array requires a total of 6000 PMTs and a dedicated readout electronics. For this
purpose, a special compact multi-channel readout system called FQT-TAMEX with an FPGA-
based TDC [49,50] was developed at GSI. The light readout from each scintillator submodule
is realized at its far ends by two PMTs coupled to the FQT-TAMEX system. For single neu-
trons at 400 MeV, the efficiency exceeds 95%. Assuming a single neutron being emitted by a
projectile at 600 MeV/nucleon, the resulting resolution of 100 keV (Sigma) is expected when
the kinetic energy of the neutron is 1 MeV in the projectile rest frame. Owing to the high
granularity and the time resolution of o, <150 ps in conjunction with the calorimetric properties,
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Figure 2. Charge identification (2) of fission fragments produced in the reaction #2U + p at 560 MeV/nucleon. (a) Cluster
plot showing the correlation between the fission fragment charges. (b) Charge distribution of fission fragments for fissioning
systems with charge Z; + Z, = 91 produced in single-proton knockout-induced fission reactions. Figures are reprinted from
[44,45].

a multi-neutron reconstruction for four-neutron events can be done with the efficiency above
50%. The multi-neutron detection capabilities of NeuLAND will play a key role in future R’B
studies, in particular with neutron-rich secondary beams and for nuclear fission experiments.

3. Physics at R°B
(a) Spectroscopy by QFS

Nuclear spectroscopy in inverse kinematics is pivotal to elucidate the properties of nuclei far
from stability, where structural changes may occur owing to the drift of single-particle (s.p.)
energies, while also impacted by collective degrees of freedom [51,52]. A powerful approach
to access the spectroscopy of short-lived nuclei is to deploy direct reactions that involve the
addition or removal of one or a few nucleons from a projectile nucleus. As a result, specific
particle or hole states can be populated in the final-state system, and the corresponding
binding energies, momentum distributions and cross-sections can be extracted. The excitation
of the single-hole states through proton-induced QFS reactions such as (p,2p) and (p, pn) is
an established direct method to investigate the s.p. structure and correlations of nuclei. For a
comprehensive review of this topic, see [53].

Starting with proton beams in the early 1950s, QFS experiments have provided invaluable
insights into valence and deeply bound s.p. orbits in stable nuclei [54-56]. With the advance-
ment of fast RIB, it has become feasible to conduct QFS measurements on unstable nuclei using
inverse-kinematics reaction mechanisms and employing hydrogen targets (e.g. [7,57-62]). When
complemented by measurements of residual heavy fragments, in-flight gamma spectroscopy
and the detection of other reaction products, such as neutrons emitted from unbound final
states, these experiments provide an exclusive view of the reaction process.

In the past decade, a series of systematic QFS studies have been conducted across the
neutron-rich side of the nuclear chart using RIB with energies around or below 250 MeV/
nucleon. Most of the recent prominent results were measured at the RIBF, presently the leading
facility to access neutron-rich nuclei. These experiments have employed (p,2p) and (p, pn)
reactions to knockout nucleons, populating ground or low-lying excited states in the residual
nucleus, which were identified through coincident y-rays or neutrons. In the case of even—

even light isotopes, the first 2] state can be interpreted as a single-nucleon excitation between
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adjacent s.p. shells. The energy E(2]) associated with this state serves as a measure of the energy
gap between the shells. Several robust evidences for the appearance of new magic numbers
N= 32 and N= 34 with large E(27) values have been found via QFS reactions with neutron-rich
Ca and Ar isotopes [63-65] as well as from the spectroscopy and mass measurements of the
neighbouring isotopes [66-68]. The N= 34 sub-shell closure in **Ca is notably exemplified by the

momentum distribution of the spectator fragment from the *Ca(p, pn)*Ca reaction and by the
corresponding cross-sections to the excited states that unambiguously point to the dominance
of p-wave (I = 1) configuration of valence neutrons in the ground state of *Ca [63]. Further
investigations of the Ca isotopic chain above N= 34 have revealed significant deficiencies of
the standard theoretical models, which raise doubts about the possible magicity at N= 40 and
suggest a shift in the expected neutron drip line for Z= 20 towards N= 50 or beyond owing
to predicted degeneracy of 0fs;, and 0gy/, orbitals [69]. The forthcoming FAIR facility holds
promising potential for probing such extreme near-dripline species owing to high intensities
and energies of primary beams in GeV/nucleon range.

In the interacting shell-model picture, the s.p. energies are known to be driven by the
monopole part of the Hamiltonian. In particular, the roles of the central and tensor terms have
been explored in detail, as well as the impact of three-body forces (e.g. [70-72]), on the structure
of nuclei far from stability. Besides the formation of large shell gaps and appearance of new
magic numbers, these interactions can also induce lowering of the energy separation between
s.p. orbitals to the point where intruder configurations become favoured in the ground state.
The regions of the nuclear chart where such alterations come into play are known as ‘islands of
inversion’. As a result, strong quadrupole correlations may occur in even—even nuclei owing to
2p2h configurations leading to the onset of collective degrees of freedom and consequently to
rapid shape transitions.

Nuclear shapes can be inferred directly by measurements of electromagnetic moments of
nuclei. For the case of quadrupole deformation, the spectroscopic quadrupole moment Q
can be extracted typically via laser spectroscopy from the atomic hyperfine structure [73]
or low-energy Coulomb excitation (e.g. [74]). For low-intensity RIB below ~100 particles per
second, indirect experimental manifestations of this phenomenon can be captured by low
energy E (27) of first 2 states and by an enhanced ratio of E (41)/E (27) with respect to the
energy of the first 4" state reflecting the collectivity of such states [75].

This behaviour was systematically observed in QFS and other knockout reactions populating
neutron-rich isotopes **®”%?Fe, %Cr and “*Ti around the N =40 island of inversion [75,76].

The measured E (27) values in these nuclei are found to be very low, approximately around 500
keV with a flat trend hinting an extended island of inversion towards potential disappearance
of the magic number N =50. At the same time, the doubly magic nature of neutron-rich ”*Ni

with N =50 closure and a large E (2]) value at around 2.6 MeV is well-established by QFS

reactions ’Cu(p, 2p)®Ni and *Zn(p,3p)"®Ni [77]. The observed low-lying second 2* state in
7®Ni points to a competition between spherical and deformed configurations and to a potential
breakdown of Z =28 shell closure in heavier isotopes with possibly deformed ground states.
Future experiments in this region using QFS reactions as a clean and efficient mechanism
for populating the low-lying excited states present a compelling avenue for the R*B research
programme at FAIR. Complementary measurements of direct two-nucleon removal, e.g. by
means of (p,3p) reaction, were recently suggested as a spectroscopic tool for neutron-rich
nuclei. (p, 3p) cross-sections have been measured for various heavy nuclei (A 2 70) [78], where
its kinematics was found to be consistent with two sequential p—p collisions in the projectile.
The spectroscopic information for heavier nuclei in the vicinity of the neutron drip line
is also a highly demanded input for modelling the r-process nucleosynthesis. In the absence
of experimental data in this region, the r-process network calculations have to rely on
various approximations and theoretical models for nuclear masses, (3-decay half-lives and
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neutron-capture rates. A particular source of discrepancies arises from the neutron separation
energies calculated with different mass models. Owing to the weakly bound nature of the
neutron-rich nuclei, the separation energies have to be known to a good accuracy as it sig-
nificantly impacts the nucleosynthesis path and resulting chemical abundances [79]. In this
respect, nuclear deformations play an important role owing to rapid changes of the separation
energies and P-decay half-lives in the regions where the deformations in the ground state or
shell closures are present [80]. Theoretically, at least two regions of deformations have been
suggested for 30 < Z < 92, namely 90 < A <110 and 130 < A < 170, both at the mass regions that
will be accessible at FAIR. The ions in this mass region can be observed in a fully stripped
state, which allows an unambiguous identification. At lower beam energies, the presence of
various charge states for the same ions complicates the determination of the nuclear A and
Z numbers, necessitating higher experimental resolutions. This mass region will be studied at
FAIR via mass measurements at the storage rings, as well as the high-resolution programmes
at HISPEC/DISPEC experiments. Direct reactions with high-energy relativistic beams at R°B will
also contribute.

Another source of uncertainties in r-process calculations can follow from the evaluation of
neutron-capture reaction rates when they are extracted from the statistical Hauser—Feshbach
model. This approximation is applicable when the level density in a compound system is
sufficiently large, which may not always be the case for weakly bound systems where the
neutron capture populates near-threshold states, and hence the role of individual unknown
resonances (as well as the direct-capture process) can be important for the reaction rates [81].
As described above, the y-spectroscopy with QFS reactions provides a suitable approach to gain
first knowledge on the excitation energies, nuclear shapes and deformations in regions only
accessible with RIBs of intensities less than ~100 particles per second.

The high neutron detection capabilities of the R’B set-up provide additional means
of spectroscopy for weakly bound neutron-rich systems using QFS reactions or Coulomb
dissociation, which can also be instrumental to advance the r-process studies. The lower
separation energies of neutron-rich nuclei lead to a large fraction of the population of unbound
states. These can be probed typically using one of two approaches. The missing-mass method,
where the energy of the unbound state is not measured directly but reconstructed via, e.g. the
kinematics of the scattered protons in the (p, 2p) reaction. Or the invariant-mass measurement,
where the energy spectrum is reconstructed via the decay particles including the emission of
neutrons.

(b) Multi-neutron systems and halos

The weak binding of valence neutrons at the region of the neutron drip line leads to the
occurrence of unusual phenomena such as halo nuclei and clusters of few neutrons. Under-
standing the interaction of neutrons in such extreme conditions of very large isospin asymmetry
and low-density environment is fundamental. At low densities, the nn interaction is dominated
by the s-wave interaction, which is very attractive and, although cannot bind two neutrons
into a bound di-neutron state, leads to a well-known virtual state, unbound only by about
100 keV (e.g [82]). This makes the absolute value of the nns-wave scattering length very
large, a,, = —18.9(4) fm [83]. Therefore, even at very low densities, where the average distance
between two neutrons is much larger than the effective range of the interaction, there are still
strong correlations. Multi-neutron systems, as pure neutron systems, can provide an exclusive
way to address neutron correlations and nuclear structure at the limit of nuclear stability in the
absence of the Coulomb interaction. Owing to their high-impact potential, the question whether
such nuclear systems can exist led to extensive studies.

In free space, the di-neutron does not exist as a bound state or as a resonance. Yet, di-neutron
correlations were found in two-neutron halo nuclei like 'Li as a prime example. The correlation
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can be explored by considering the average opening angle between the two halo neutrons. In
the absence of a correlation, it equals 90° and increases as the di-neutron correlation becomes
stronger [84]. The latest result was obtained via a quasi-free (p, pn) knockout reaction where
the di-neutron correlation was investigated as a function of the intrinsic momentum of the
knocked-out neutron and was found to be localized on the 'Li surface [85]. More recently, this
study was extended to “Be and B [6], where periphery di-neutron correlation was observed,
although less pronounced, indicating its universality.

Experiments searching for heavier multi-neutron systems have started already in the early
60s (see [86] for a review), using fission, pion-induced double-charge-exchange (DCX) and
transfer reactions. None of those attempts resulted, however, in any indication for multi-neu-
tron existence. Such experiments face the following two main challenges: how to produce
multi-neutron systems and how to detect them. In general, the neutron detection efficiency is
much smaller compared to charged particles, and it drops exponentially for several neutrons. In
practice, it is further reduced when reconstructing the neutrons in a detector owing to cross-talk
effects, i.e. when one neutron interacts in the detector several times and can be misidentified
as more than one neutron. To minimize this contribution, it is common to apply rejection
algorithms that provide a cleaner measurement but, on the other hand, decrease significantly
the detection efficiency. Therefore, in most experiments performed so far, the neutrons were
not detected and, instead, other methods such as the missing mass have been used. Only
very recently, the first measurement of four neutrons in coincidence was demonstrated at the
RIBF, which led to the observation of the low-lying *O resonance [87]. In this experiment, **O
was reconstructed from its decay into *O + 4n, in a set-up that included also the NeuLAND
demonstrator (four double planes) from R’B, with an overall 4n detection efficiency of 0.4% at a
decay energy of 0.5 MeV.

With the development of RIB facilities worldwide, it became feasible to use exotic beams,
where if multi-neutron systems exist, one would expect an enhanced formation in such a
neutron-rich environment. Indeed, the first positive signal appeared in 2002 [88] using a
breakup reaction “Be—'Be + 4n, where six candidate events were suggested to attribute from
a bound tetra-neutron or a low-energy resonance (E, <2 MeV) [89]. In 2016, a candidate 4n
resonance was observed using the ®*He (*“He, ®Be) DCX reaction [90]. By measuring four events
that were shown to be inconsistent with the continuum response, a possible correlated 4n state
was suggested, with energy and width of E, = 0.8 +1.4 MeV and I < 2.6 MeV.

These indications motivated many theoretical investigations. A common conclusion is that
a bound 4n does not exist. However, model predictions for a resonant state are partly con-
tradictory. Some predict a low-energy resonance using an approach in which the 4n system
is artificially bound in an external potential well and then extrapolates to the continuum at
vanishing potential strength (e.g. [91]). Others use the no-core shell-model approach exten-
ded to the continuum (e.g. [92]) while solving the many-body problem. On the other hand,
calculations that treat the continuum directly do not find any 4n resonance in a physical region
(e.g. [93,94]).

Recently, an unambiguous 4n correlation has been observed via quasifree *He(p, pa)
knockout reaction at RIBF [95]. In the 4n missing-mass energy spectrum, a low-energy peak
with a resonance-like structure was observed at an energy of E, = 2.37 +0.58 MeV and a width
of I'=1.75+0.37 MeV. Its interpretation is still under discussion. Triggered by the result, a
first calculation constructed a reaction model that is based on a transition between the (a +4n)
initial state and four interacting neutrons in the final state [96]. It suggests that the low-energy
structure is induced by the nn final-state interaction (FSI), i.e. two-di-neutron correlations as
well as the presence of di-neutron clusters in the initial *He state.

It should be noted that an indication for a bound 4n state was reported recently using a
multi-nucleon transfer reaction "Li ("Li, '°C) [97], although with relatively low significance.
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Quasifree knockout reactions such as (p,2p), (p, pn), (p, px) or (p, 3p) are an efficient tool to
populate multi-neutron systems. In order to further understand the structure of the observed
tetra-neutron correlation and its origin, the next essential step is to perform experiments
detecting directly the correlations among the neutrons, by measuring all four neutrons in
coincidence. For example, such an experiment is planned at the RIBF using (p, pa) and (p, 3p)
reactions.

The NeuLAND array at R’B will be the most suitable for these studies as it will provide a
substantial increase in the detection efficiency for multi-neutrons compared to existing neutron
detectors worldwide, with estimated reconstruction efficiency around 50% for four neutrons,
and an excellent energy resolution of ~30 keV (o) at relative energy around 100 keV [48]. This
will also allow us to take the research field to the next level and go beyond the 4n system
searching for hexa-neutron correlations by detecting six neutrons in coincidence, not feasible at
present.

Another aspect is to study multi-neutron correlations in neutron-rich nuclei at the region of
the drip line, where multiple di-neutron clusters may appear. The start-up version of Neu-
LAND has been used during the FAIR Phase-0 programme of R’B. Already with the current
configuration of 13 double planes, the 4n detection efficiency will be improved by an order of
magnitude compared to recent measurements discussed above. In spring 2022, an experiment
took place at R’B with the aim to investigate multi-neutron correlations close to and at drip
line nuclei [98]. (p,2p) and (p, pn) reactions were employed to study two- and four-neutron
emission from exotic nuclei such as *C, "B, “Be, B and ''Li, which will allow us to search
for possible di-neutron configurations. The data are currently under analysis, where already 2n
events have been reconstructed successfully with NeuLAND.

The structure of halo nuclei is investigated using various experimental probes and observa-
bles resulting from the dynamical changes in such systems compared to stable nuclei. The halo
physics was triggered by interaction cross-section measurements of light neutron-rich nuclei
from He to Be isotopes [4]. The interaction cross-section oy is related to the reaction cross-section
or by 07 =0g— Oinel, With oinel the inelastic cross-section. In the analysis of o, the inelastic
contribution should be determined and removed. Inelastic excitation to unbound states can be
followed by evaporation of neutrons, for which forward neutron detection set-up, as possible
with the NeuLAND array, is essential. Halos exhibit a much larger matter radius compared

to the conventional A'? dependence. In a simplified approximation, the matter radius can
be extracted from the measured interaction cross-section by geometrical means. More realistic
relations can be obtained using a microscopic reaction model with density profiles as inputs.

So far, several halos have been discovered, although with a limited number of measured
nuclei, in particular at mid-mass region. As the neutron drip line is only established up to
neon, a compelling question is whether halos can exist in this region and beyond it. Large-scale
mean-field predictions resulted in neutron halos candidates for mid-mass nuclei [99]. System-
atic interaction cross-section and reaction cross-section measurements for Ne [100] and Mg
[101] isotopes, respectively, revealed an enhancement of the cross-section for the neutron-rich
isotopes. In particular, around the drip line, *Ne and *Mg exceed significantly the values of
neighbouring nuclei, suggesting a p-wave halo structure coming from sd—pf shell inversion.

A direct consequence of the halo structure is an enhanced electric dipole (E1) response at
low excitation energies, ‘soft dipole response’ (SDR), predicted already in the late 1980s [5]. For
stable nuclei, the E1 strength appears mainly in the giant dipole resonance (GDR) at excitation
energy E,~80/A> MeV. In halo nuclei, the valence neutron(s) may oscillate against the core
leading to a significant E1 strength well below the GDR energy at E,~1 MeV. For 1n halos, a
non-resonant SDR is found at low excitation energies, e.g. ''Be with a pronounced enhancement
observed below 1 MeV [102], directly related to the radial extension of the halo. The position
of the peak in the E1 strength distribution is sensitive to the separation energy, while the shape
and amplitude to the angular momentum and spectroscopic factor [103]. For 2n halos, e.g. °*He
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[104] and "Li [84], the dipole response is also understood as attributed from a non-resonant
origin, but correlations between the two neutrons in the initial and final state strongly affect the
distribution [103].

The scale separation in halo nuclei can be exploited by EFT. Halo EFT is a modern version
of nuclear cluster models that provides a controlled framework to calculate the properties of
halo nuclei [105], based on a systematic expansion in the ratio of momentum scales Miow/Mhigh,
where the halo nucleons are associated with the low momentum scale M. It was proven
successful in describing the low-energy part of the dipole strength of 1n halos such as "Be [106].
For 2n halos, the E1 response was calculated, e.g. in ''Li [107] including a detailed investigation
of FSI, showing good agreement with experimental data [84].

Experimentally Coulomb breakup reactions have been used to study the E1 strength of
exotic nuclei, i.e. the process of heavy-ion induced electromagnetic excitation, where the
particle decay after the excitation is measured. Halo systems typically decay into the core
plus the halo neutrons. In an inclusive measurement, an integrated cross-section is extracted,
assessing whether SDR occurs or not. An exclusive measurement allows us to extract the
energy-differential cross-section and assess the halo s.p. state, i.e. the separation energy, angular
momentum and spectroscopic factor. For the mid-mass nuclei *'Ne and ¥Mg, large inclusive
Coulomb breakup cross-sections have been measured [108,109], which indicate the presence
of strong low-lying E1 transitions. Comparison with calculations suggests that the results
are consistent with a significant p-wave halo component in their ground state. If confirmed,
Mg will be the heaviest halo observed so far. As the conclusions are very model-dependent,
follow-up exclusive measurements are requested.

Next-generation experiments of p-wave halo candidates, as well as an extension to heavier
potential halos, will allow us to further investigate the nature of the halo phenomenon and
the shell evolution. Alongside, measurements with an increased precision and more complete
detailed studies for light nuclei will improve our understanding. The R’B set-up will provide
such experimental opportunities for measurements of exotic nuclei in a wider mass range. This
also includes measurements of the dipole response of non-halo neutron-rich nuclei, currently
very rare, reaching up to tin isotopes.

The density profile can be extracted from proton elastic scattering, a tool to deduce
the matter radius of a nucleus from the measurement of the differential cross-section at
low momentum transfer covering the first diffraction minimum. Such measurements were
performed for example at RCNP (e.g. [110]) in direct kinematics for stable nuclei. The meas-
ured centre-of-mass (c.m.) angular distribution can be interpreted within a theoretical reaction
framework using an optical potential. An experimental challenge in inverse kinematics is that
low momentum transfer (small c.m. scattering angles close to 6j,, = 90°) leads to low-energy
recoil protons, which limits the achievable resolution in the determination of their scattering
angle and energy (see §4(a)). This can be overcome using an active gas target, a hydrogen-filled
ionization chamber, which serves both as a target and as a detector for recoil protons.

The method was applied successfully at GSI using IKAR active target on several light nuclei
including He and Li isotopes at energies around 700 MeV/nucleon [111] (see figure 3 with the
example of *He). In this initial measurement, only the very low momentum transfer region was
probed owing to the limited coverage of the active target to O, ~ 90°. It was later extended
to higher momentum transfer using a new experimental set-up with a liquid-hydrogen target
[112]. As shown in figure 3, these data points reach the region of the first diffractive minimum,
which provides higher sensitivity to the density distribution. The analysis of the combined
spectrum within the Glauber model allowed us to extract the matter radius of ‘He as well as
information on its structure in terms of the a-core and di-neutron halo radius.
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Figure 3. Elastic proton scattering in inverse kinematics off °He at 717 MeV/nucleon. The circles shown for the low-
momentum-transfer region have been taken with the IKAR active target at GSI [111], while the higher momentum transfer
measurements (squares) with a liquid-hydrogen target [112]. Figure are reprinted from [113].

(c) Short-range correlations

The mean field, assuming that the ground-state wave function can be described by a Slater
determinant, is a first approximation of the nucleus. However, occasionally two nucleons come
in close proximity such that they experience the short-range part of the NN interaction, which
cannot be described by a mean-field approximation. These states are referred to as SRC nucleon
pairs, defined in the momentum space as having large relative but small c.m. momentum, with
respect to Fermi momentum (kz~250 MeV/c). Unlike the mean-field approximation, two-body
correlations depend directly on the details of the NN potential. SRC pairs are formed as
temporary fluctuations with high local density, corresponding to several times the nuclear
saturation density. These are densities that exist in neutron stars but are difficult to study in the
laboratory. Thus, accessing SRCs experimentally in neutron-rich nuclei will teach us not only
about the fundamental NN interaction but also be used as a possible probe for high densities
such as those reached in the core of neutron stars.

Over the last 20 years, electron scattering measurements have been employed successfully
to probe SRC pairs and extract their properties. Those were performed mainly at Jefferson
Laboratory, using nucleon-knockout reactions at large momentum transfer Q*>1 (GeV/c?)? (see
[114,115] for recent reviews). Experimental signatures of SRC pairs were observed by perform-
ing triple-coincidence measurements: detecting the scattered electron in coincidence with the
knocked-out nucleon, as well as the correlated partner nucleon that recoils after the breakup
of the SRC pair. These experiments demonstrated that at any given moment, about 20% of the
nucleons in nuclei (A >12) are members of SRC pairs, creating a high-momentum tail in the
momentum distribution, absent in the conventional independent-particle model.

The dominant force between SRC nucleons is tensor in nature and acts predominantly on
spin—1 isospin—0 neutron—proton (np) pairs, leading to a predominance of np SRC pairs over
proton-proton (pp) and nn pairs (e.g. [116]). This characteristic was seen experimentally in
various nuclei over the nuclear mass range, where np pairs were found to be about 20 times
more prevalent than pp (or nn) pairs at the region 300 < p; <600 MeV/c, with p; the initial
momentum of the knocked-out nucleon (e.g. [117-119]). More recently, at higher momenta, a
transition from the spin-dependent tensor part to the spin-independent scalar part of the NN
interaction was proposed after the observation of an increased fraction of pp pairs [120].
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The isospin asymmetry dependence of SRCs can have consequences for asymmetric nuclei.
Measurements with several stable nuclear targets ranging from *C to *®*Pb showed that the
fraction of protons forming SRC pairs increases significantly as neutrons are added to the
nucleus, while that of the neutrons remains fairly constant [121] (figure 4). This observation
implies that protons may carry a larger fraction of momentum than neutrons in neutron-rich
nuclei far from stability or in neutron-rich matter. Electron scattering measurements are limited,
however, to stable nuclei. As such, the neutron excess dependence shown in figure 4 includes
also a mass dependence (*®Pb versus "*C). To study the isospin degree of freedom solely, RIB
facilities are the only way to do so, where measurements can be performed along isotopic
chains, including exotic nuclei.

A unique advantage of experiments in inverse kinematics is the ability to perform a
kinematically complete measurement. Unlike direct kinematics, the residual (A - 2) system after
the SRC pair breakup can be measured in coincidence, allowing us to measure the final state
directly. In case of fragmentation of the (A -2) state, it can be reconstructed via its decay
products. Moreover, the coincidence of the residue fragment provides an essential suppres-
sion of initial-state interaction (ISI) and final-state interactions (FSI) and a cleaner selection of
single-step processes.

A pioneering experiment was performed at inverse kinematics using a stable C beam at
an energy of about 3 GeV/nucleon at JINR [122] using quasifree (p,2p) reaction. First, the
single-proton knockout channel was analysed, and it was demonstrated that indeed ISI/FSI are
strongly suppressed by tagging in coincidence the residual (A —1) fragment. In a second step,
the SRC signal was observed from the coincidence with the (A - 2) system, i.e. *C(p, 2pX) with
X = 1%B, "Be (the recoil correlated partner was not measured). The results benchmarked the
feasibility to access SRC in inverse kinematics with hadronic probes.

Electron scattering experiments show that high-energy beams of at least 1 GeV/nucleon,

i.e. momentum transfer of 0.5 (GeV/c?)? and preferably several GeV/nucleon are required in
order to resolve SRC pairs. It should be noted, however, that the kinematical limits are not
yet established in detail for hadronic probes. In particular, the exclusive nature of inverse
kinematics measurements provides additional information that allows resolving states that are
challenging to observe in direct kinematics.

The R®B set-up is well suited to perform SRC measurements from RIB at the energy of
~1 GeV/nucleon. With a liquid-hydrogen target, tracking systems for light-charged particles
and heavy ions, as well as neutron detection, the set-up comprises all components to perform
high-resolution fully exclusive SRC measurements. A pilot experiment was conducted in spring
2022 as part of the FAIR Phase-0 stage, using '°C beam as well as the symmetric “C as a
reference, at the energy of 1.25 GeV/nucleon [31]. A dedicated set-up was designed to perform
the first kinematically complete measurement, including not only the (A -2) residue but also
the recoil nucleon in coincidence, either a neutron or a proton (figure 1). The data are currently
under analysis. The measurement will allow to extract the high momentum fraction of protons
and neutrons shown in figure 4, with the advantage of larger neutron-to-proton asymmetry
and much smaller mass differences between the two measured nuclei. Successful outcomes will
pave the way for systematic studies of the isospin asymmetry along isotopic chains, e.g. the full
carbon chain as well as heavier isotopes. As an example, a first physics case has been proposed
as part of the Early Science stage at FAIR foreseen in 2028. One interest of inverse kinematics is
the possibility to study separately the isospin and mass dependencies. The proposal focuses on
28 having similar isospin asymmetry as '°C but very different mass.

Another frontier in SRC physics is the challenging search for three-nucleon (3N) SRC. Even
though these are expected to occur with a suppressed probability compared to 2N SRC, they
are essential for our understanding of the NN interactions. So far no conclusive evidence
for 3N SRC was found from electron scattering experiments, where a few indications have
been reported from inclusive (e, e’) measurements (e.g. [123]). The increased cross-section for
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Figure 4. Measured fractions of high- to low-momentum proton (red dots) and neutrons (blue dots) relative to ™*C as a
function of the neutron excess. Rectangles show the range of predictions based on a phenomenological np-dominance
model. Figure are reprinted from [121].

hadronic probe compared to the leptonic one and the high-intensity beams provided by FAIR
together with the large-acceptance R°B set-up offer an advantage in search for these triplets.

The long-range plan for SRC studies at FAIR would be the design of an optimized experi-
ment that will allow for both exotic beams and high energies of several GeV/nucleon, which
are currently limited to ~1 GeV/nucleon for RIB. This is part of the conceptual multi-GeV
experiment described in §4(c).

(d) Nuclear fission

Nuclear fission is the process by which a heavy atomic nucleus divides into two lighter
fragments and represents the clearest example of a large-scale collective excitation in nuclei
offering a rich laboratory for a broad variety of scientific research on nuclear properties and
general physics. Since its discovery in 1939 [124,125], the progress in the understanding of the
fission process has been driven by new experimental results. The fission process is a unique tool
to investigate the nuclear potential-energy landscape and its evolution as a complex function
of excitation energy, elongation, mass asymmetry and spin, passing over the fission barrier
(or through it in the case of spontaneous fission) and culminating at the scission point in
the formation of fission fragments [126,127]. This transition up to the scission configuration
involves a subtle interplay of collective and s.p. effects, such as shell effects and pairing, all
of them considered for the initial compound nucleus and for the fission fragments at large
deformations. The relatively flat potential energy of fissioning nuclei reaching very large
deformations, in comparison to lighter nuclei, allows the investigation of nuclear properties
like shell effects in hyper- and super-deformed shapes [128]. Moreover, dynamical phenomena
connected with the decay of the quasi-bound nuclear system beyond the saddle point provide
information on nuclear transport properties, such as nuclear dissipation [129-133] and heat
transfer between the nascent fragments [134].

Fission reactions also play an important role in the r-process itself by fission cycling, for
instance, in neutron star mergers where it determines the region of the nuclear chart at which
the flow of neutron captures and [-decays stop [135]. Moreover, fission has also been pointed
out to produce a robust r-process pattern [136,137], in which the abundances of nuclei with
mass number A < 140 are determined during the r-process freeze-out from the fission yields
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of nuclei with A <280 [79]. Recent binary neutron-star merger observations [138,139] con-
firmed the importance of this scenario for the r-process nucleosynthesis. Here, different fission
reaction channels can compete during the r-process nucleosynthesis, but various state-of-the-art
simulations have shown that the dominating fission channel contributing to the r-process is the
neutron-induced fission one [140], which depends mostly on the fission barrier heights as the
process occurs at energies just above the fission barrier. Since no experimental data exist for
fission barriers of neutron-rich nuclei involved in the r-process, they have to be modelled [141]
to obtain fission reaction rates [142]. In addition, the corresponding fission yields also have to
be known for r-process calculations [127,135,143]. The fission yields define the abundance of
r-process elements in the second r-process peak and above and can also play an important role
in abundance distribution of rare-earth elements [144]. Recently, the importance of forbidden
transitions induced by intruder states in the region of N =126 r-process waiting points [145]
has been pointed out. These forbidden transitions are predicted to shorten the half-lives of the
involved N = 126 waiting points significantly and enhance the mass flow through them [79]. As
a consequence, the abundances of the second r-process peak around A =130 are affected, and
for very neutron-rich ejecta, it is produced mainly by fission yields [79]. The enhanced mass
flow also increases delayed a-decays of r-process nuclei that affect the kilonova signals [146].
Therefore, the r-process nucleosynthesis cannot be fully understood without a good knowledge
of fission properties of exotic neutron-rich isotopes of the heaviest elements, which cannot be
presently accessible via direct measurements.

During the last decades, there has been considerable activity in the field of nuclear fission,
both experimental and theoretical. However, despite recent theoretical progress in the investi-
gation of fission, a complete description is still challenging since it is a very complex dynami-
cal process, whose description involves the coupling between intrinsic and collective degrees
of freedom, emission of light particles and y-rays, as well as different quantum-mechanical
phenomena [126,147]. Therefore, its investigation requires complex experimental set-ups like
R®B, which allow for complete kinematics measurements of all the fission products.

Since the pioneering experiment carried out at GSI [148] to induce fission reactions of
different neutron-deficient actinides and preactinides between the At and U elements, a great
effort was made by the Studies On Flssion with Aladin (SOFIA) and R°B collaborations
to overcome the restrictions of conventional fission experiments and to provide complete
isotopic measurements of both fission fragments [149,150], inducing fission through spallation,
fragmentation and electromagnetic-excitation reactions. An example of the fission-fragment
distributions measured in the last two decades at GSI is shown in figure 5 together with
other measurements based on particle-induced and spontaneous fission (blue circles) [151-
154,156], p-delayed fission (red diamonds) [160,161] and transfer-induced fission reactions
(plus symbols) [162-168]. The current R®B set-up allows us to identify in coincidence both
fission fragments in terms of their mass and atomic numbers, as shown in figure 2, with
a charge (mass) number resolution better than 0.4 (0.64) units (FWHM) [149,150]. With this
approach, it became possible to extract correlations between fission observables sensitive to
the dynamics of the fission process [170-173] and the nuclear structure at the scission point
[157-159,174]. FAIR will allow us to extend the electromagnetic-induced fission measurements
to very neutron-deficient and very neutron-rich fissioning systems to systematically investigate
the transitions from asymmetric to symmetric fission regions of each isotopic chain [175].
Moreover, the complete kinematics measurements of fission fragments in combination with the
neutron detection provided by the NeuLAND array can allow to study the different reaction
channels contributing to the electromagnetic-excitation measurements, in particular, to separate
isovector giant dipole and isoscalar giant quadrupole excitations from double giant dipole
resonance (DGDR) contributions [176].

The inclusive Coulomb-induced fission mechanism does not allow for the determination of
the excitation energy of the fissioning compound nuclei with high precision owing to the width
of the DGDR excitation. To go further, those measurements can be combined with quasifree
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Figure 5. Overview of fissioning systems investigated up to 2023 in low-energy fission with excitation energies up to
~15 MeV above the fission barrier. In addition to the systems where fission-fragment mass distributions were previously
obtained in particle-induced and spontaneous fission (blue circles) [151-156], the nuclei for which the fission-fragment
charge distributions after electromagnetic excitations were measured in 1996 [148] and in the recent SOFIA/R®B [157—-159]
experiments in inverse kinematics at GSI are displayed with green crosses. Moreover, fissioning daughter nuclei studied in
B-delayed fission (red diamonds) [160,161] as well as around 70 fissioning systems investigated with transfer-induced fission
reactions (plus symbols) [162—168] are shown. Several examples of the measured fission-fragment distributions are also
displayed to illustrate the transitions. For orientation, the primordial stable isotopes are indicated by black open squares. The
limits of known nuclei were obtained from the atomic mass evaluation AME2020 [169].

(p, pn) and (p,2p) scattering reactions, which have been proposed as a surrogate mechanism
to induce fission of heavy nuclei [8,9,44-46,177]. This approach will allow for reconstructing
the excitation energy of the fissioning compound system by measuring the four-momenta of
the two outgoing nucleons. In this case, fission is induced by the particle-hole excitations left
by the removed nucleon, whose excitation energy ranges from a few to ten’s of MeV. Taking
into account that fission-fragment yields are characterized by several components in the mass
distributions from different fission channels that are attributed to shell effects in the potential
energy and by an odd-even staggering in the proton and neutron numbers owing to the
influence of pairing correlations, the measurement of the excitation energy in correlation with
the atomic and mass number distributions of the two fission fragments represents a powerful
tool to investigate the temperature dependence of shell effects [178,179] and pairing correlations
[180] for many exotic nuclei. Moreover, this can also be used to study with high accuracy the
energy sharing between the nascent fragments [134] by correlating the neutron excess of both
fission fragments, as well as to investigate the fission-fragment angular anisotropy evolution
with the excitation energy [181,182]. In addition, the excitation energy can be correlated with
the fission probability to obtain fission barrier heights, as already performed with transfer
reactions of stable nuclei [183,184]. This will also provide unique opportunities to systemati-
cally investigate the fission-barrier height dependence on the neutron-to-proton asymmetry
[185], helping then to improve the current predictions of astrophysical r-process calculations
[135,140,186].

The competition between particle emission and fission decay processes also offers the
possibility of studying the repartition of angular momentum between them, governed by the
evolution of the nuclear system up to the saddle-point configuration. During the last deca-
des, this partition has been investigated through isomeric states populated by fragmentation
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reactions [187-189], and the comparison of experimental data to theoretical calculations based
on the abrasion picture [190,191] always resulted in a clear underestimation of the highest
experimental angular momentum components by a factor of 10 for heavy nuclei [192,193]. The
R®B fission programme has the potential to shed light on the angular momentum gained by
the fissioning systems by measuring the fission cross-section as a function of the fissioning
system charge, obtained with the sum of fission-fragment charges (Z; + Z,). The tail of lighter
fissioning systems is mainly populated by abrasion and spallation collisions with very high
angular momentum (~100%), and the comparison to model calculations would allow us to
reconstruct the angular momentum distribution [194]. Therefore, this can give information
about the angular momentum carried by the fissioning systems after the abrasion and spallation
processes that, complemented with y-ray multiplicities provided by CALIFA and isomeric
states measurements performed by the NuSTAR collaboration [188,189], could provide new
data sets to improve theoretical reaction models.

Furthermore, fission reactions can also be used as a tool to investigate non-mesonic decays
of heavy hypernuclei (§3(f)). In the 1990s, this approach was used for the first time in the
COSY-Jiilich facility to measure the lifetime of A-hyperons in heavy hypernuclei produced
with high energetic protons impinging onto **Bi and **U target nuclei. The measurements
were performed via the recoil shadow method [195,196] that allowed to obtain the lifetimes
and hyper-fission cross-sections for both hypernuclear systems. FAIR may also provide in
this case unique opportunities to extend these measurements to exotic nuclei, improving our
understanding of the hypernuclei dynamics, in particular the dissipation mechanism in the
presence of hyperons [197], and to study systematically the lifetime evolution with the neutron-
to-proton asymmetry.

(e) Nuclear EQS

The nuclear EOS underlies the physics of atomic nuclei as well as neutron stars and the
synthesis of heavy elements. It is a key ingredient in modelling neutron star formation [198]
and, in particular, the gravitational-wave signal from neutron star mergers is sensitive to it
[199,200]. Although the size of atomic nuclei differ by many orders of magnitude compared to
neutron stars, they are governed by the same EOS. Therefore, observables over the full range of
atomic nuclei provide essential input to the EOS. Specifically, measurements of bulk properties
of neutron-rich nuclei allow us to put constraints on the EOS.

The EOS of asymmetric matter is often characterized by the symmetry energy Esym(p), which
represents the variation of the binding energy as the neutron-to-proton ratio in a nuclear system
changes. Around pj it is expanded by its value J = Esym(p0p), slope L = 3000Esym(0)/0p |,y and the

incompressibility Kgym = 9p§62ESym(p)/6p2| o at saturation density. Of high importance is the

slope parameter L, which despite extensive studies is still poorly constrained experimentally.
For example, the slope parameter from analyses of terrestrial experiments is L = 58.7 + 28.1 MeV
and that from neutron star observables L =57.7+19 MeV [201]. When considering various
interaction models that give a good description of ground-state properties of nuclei and
their excitations, for the L parameter though, they span over a wide range between almost
0-150 MeV [11]. Its study thus requires a close interplay between experiment and theory. The
incompressibility parameter also remains to be determined accurately, where information can
be extracted from giant monopole resonances (GMRs) (§4(a)).

An isospin-sensitive observable identified to potentially pin down the L parameter is the
neutron-skin thickness 4r,, = \/@ —\/@ of neutron-rich nuclei. About 20 years ago, it was
pointed out, using non-relativistic Skyrme Hamiltonian for nuclear Hartree-Fock calculations,

that the neutron radius can be related to a new constrain on the neutron EOS [202]. It was
then followed by many theoretical studies demonstrating that the neutron-skin thickness is a
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very sensitive observable that can be used to determine the slope parameter of the symmetry
energy, defined by the neutron EOS. Figure 6a shows an example of one of the first calcula-
tions, performed for the **Pb nucleus. The neutron-skin thickness, calculated using different
Skyrme Hartree-Fock as well as relativistic mean-field theories, is shown as a function of
derivative of the neutron EOS or neutron pressure slightly below saturation density, inherent
to the respective interaction used. A clear correlation is observed, suggesting that an accurate
measurement of the neutron-skin thickness will provide a precise constraint on the neutron
EOS close to saturation density. For exotic nuclei, the effect is more pronounced owing to the
development of larger neutron skins [203].

Another isospin-sensitive observable is the dipole polarizability ap, which reflects influence
of an external electric field on the nuclear density. It can be extracted from the isovector E1
dipole response of nuclei. An intimate correlation between ap times J and the neutron-skin
thickness was found theoretically [204].

The experimental determination of Ar,, is challenging even for stable nuclei, and different
techniques have been used over the years. Extraction of the neutron-skin thickness is based on
the combination of two measurements. The first is the charge root mean squared (RMS) radius
that can be determined precisely by isotopic shift measurements using laser spectroscopy or
elastic electron scattering. The second is the matter radius that can be measured for example by
proton elastic scattering or via the electroweak interaction in electron scattering. In the case of
a hadronic probe, even when precise measurements are performed, model dependencies lead
to significant systematical uncertainties. On the other hand, electron scattering is considered
to be the cleanest probe and model-independent, but suffers from low statistics. The most
accurate A4r,, value so far was extracted from the lead radius experiment PREX at the Jefferson
Laboratory [205]. Parity-violation asymmetry measurement in elastic scattering of electron from
*®Pb at low momentum transfer resulted in Ar,, = 0.283 +0.071 fm, where the main contribution
to the uncertainty is the experimental statistics. This result implies a constraint of L =106 + 37
MeV [206]. More recently, an asymmetry measurement was carried out for **Ca in the CREX
experiment, resulting in Ar,,=0.121+0.035 fm [207], thinner than predicted by models. A
combined theoretical analysis of both PREX and CREX found that their asymmetry values
are not compatible with the uncertainties [208]. This result still has to be further investigated
both from the theory and experiment side. The Mainz Radius Experiment [209] at the MESA
electron accelerator at Mainz aims at measuring the neutron skin of **Pb with higher precision
compared to the PREX and CREX measurements. So far electron scattering has been limited
to stable nuclei, while an extension to exotic nuclei is ongoing (§4(b)). Proton elastic scattering
with RIB can be performed with active target, covering a broad momentum transfer (§3(b)) or in
a storage ring (§4(a)).

The dipole polarizability was measured in Sn and **Pb by proton inelastic scattering at
angles close to and including 0° at RCNP [210]. It has also been measured in unstable nuclei ®Ni
at GSI via Coulomb excitation [12]. A combined analysis resulted in A4r,, ranges of 0.15-0.19,
0.12-0.16 and 0.13-0.19 fm for *Ni, Sn and *®Pb, respectively, with a range for the slope
parameter L = 20 - 60 MeV [211].

A new experimental method to study the evolution of the neutron-skin thickness in
neutron-rich nuclei has been initiated at R’B. The basic idea is to measure the total neutron-
removal cross-sections o,y in high-energy reactions (0.4-1 GeV/nucleon) of RIB with carbon
and hydrogen targets. o,y was shown to be a sensitive observable to 4r,, and to the slope
parameter L. To demonstrate the feasibility, neutron-rich tin isotopes were investigated for the
Sn + *C reaction. The cross-sections were calculated using density distributions with relativistic
mean-field and modified density-dependent (DD2) interaction [212], where the L parameter
was changed systematically.

Figure 6b(i) shows the relation between the L parameter and o,y for '*Sn and *Sn, where
the relation to the predicted neutron-skin thickness is shown at the bottom. A change of
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Figure 6. (a) Neutron-skin thickness of 2Pb calculated using different Hartree—Fock (filled circles) and relativistic
mean-field theories (squares) as a function of the derivative of the neutron EQS at gy [203]. The cross is the SKX Skyrme
Hamiltonian. (b) Relation between g,y (i) and Ar,, (ii) to the slop parameter L based on relativistic mean-field theory for
145n and ™2Sn. The black lines indicate the sensitivity to L for a range 10 MeV. Figure are reprinted from [13].

almost 20% in o,y is visible for ’Sn when the L value ranges from 25 to 100 MeV, while,
for comparison, the reaction cross-section oy is much less sensitive, with a change of 2.5%.
With the interaction used a change of L by +5 MeV changes o,y by about +5 mb, i.e. ~1%.
Owing to developments of detection techniques, a precise measurement of the neutron-removal
cross-section is possible. In addition, variations of the experimental settings such as different
targets, energies and ion beams can be used to establish the sensitivity of the method with o,y.
In particular, to confirm the validity of a parameter-free reaction model and to quantify the
associated uncertainties and model dependencies. With that, a possible accuracy of 2% both
experimentally and theoretically could be reached, allowing to constrain the slope parameter by
+10 to +20 MeV, depending on the accuracy of the reaction model. The first set of measurements
was taken with beams of " *Sn jons and carbon target at an energy range of 0.4-1 GeV/
nucleon [213]. The data from the experiment are currently under analysis.

Once proved successful, this approach will open a new window of opportunities for future
experiments to explore the neutron-skin thickness with RIB and study its isospin dependence,
as the effect is expected to be more pronounced for increasing neutron-to-proton asymmetry.
Complementary to that, theory developments are ongoing, with the goal to reduce systematic
uncertainties. In addition, systematic measurements of other observables presented above for
exotic nuclei in the tin and lead region, as well as for medium-mass neutron-rich nuclei such
as calcium isotopes, would be possible at FAIR and contribute to the efforts for constraining
the EOS. In particular, an intriguing result was recently obtained for **Ca studied via (p, pn)
reaction [64]. The measured momentum distributions allowed us to access the RMS radii of the
f7/2 and ps2 neutron orbitals. The latter was found to be 0.61 + 23 fm larger, suggesting that the
large RMS radius of this orbital in neutron-rich Ca isotopes is responsible for the unexpected
increase of the charge radius with the neutron excess. Analysis of momentum distributions after
nucleon knockout thus offers a complementary technique sensitive to the RMS radius of s.p.
orbitals and should be further exploited to other isotopic chains.

Relativistic heavy-ion collisions give access to matter at extreme conditions of temperature
and density and therefore can provide information on the symmetry energy at density higher
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than the saturation density. At the present GSI facility, densities up to around 3p, can be probed
[200]. As the density increases with the incoming beam energy, higher densities can be probed
in the future at FAIR.

The following two main observables were identified as sensitive to the EOS [214]: particle
multiplicities and ratios, e.g. protons and neutrons, light-charged particles, pions, kaons and
their collective flows. The ASY-EOS experiment [215] is planned at R°B with the goal to measure
simultaneously the flow of neutrons and charged particles using Au + Au collisions at energies
between 250 and 1000 MeV/nucleon. Its main novelty is the use of the NeuLAND array for
measuring neutrons and isotopically resolved H and He isotopes in a broad energy range
within the same acceptance. It is a follow-up of a previous measurement performed with the
LAND neutron detector [216]. Exploration of the isospin dependence for those observables
would be possible with RIB and would provide valuable information to constrain model
calculations (§4(c)).

(f) Hypernuclei

Hyperons (Y) are baryons containing at least one strange quark. The A is the lightest hyperon,
and it decays through the weak interaction with a lifetime of 263 ps [217] into a pion and a
nucleon. In the early 50s, it was discovered that hyperons can form bound states with nucleons
and create short-lived hypernuclei [218], which decay in the timescale of the weak interaction.

The additional degree of freedom, or strangeness, can result in new symmetries and
phenomena that will be revealed by hypernuclei. Studies of hypernuclei are of great impor-
tance as they provide a practical way to explore the YN and hyperon-nucleon-nucleon YNN
interactions [219]. Since a single hyperon in a nucleus does not suffer from Pauli blocking, it
can occupy any orbital inside the nucleus and be used as a probe to the inner densities of
nuclei [220]. Adding a hyperon to a nucleus tends to increase the binding energy of the system.
Therefore, binding energy data provide information on the YN interaction. The three-body
ANN interaction that arises from AN - XN coupling [221,222] can be investigated by measur-
ing the energies of various hypernuclear levels [220]. Hyperon-hyperon YY interactions can
potentially be accessed through double strangeness hypernuclei, although only very few have
been synthesized [223].

The YN interactions are also essential for the description of the EOS of dense matter. The
expected presence of hyperons at high densities will soften the EOS, resulting in a reduction
of the predicted maximum neutron star mass (e.g. [224]), contradicting recent astrophysical
observations of a neutron star with two solar masses [225] (the ‘hyperon puzzle’). Recent
microscopic calculations show that including tuned repulsive ANN interactions [226], not
constrained at all using current experimental data, could solve this puzzle.

From the theory side, several phenomenological models [227-233] and microscopic shell
models [234-239] have been used to describe hypernuclei. Recently, the ab initio no-core
shell-model framework has been adapted to hypernuclei up into the p-shell [240-243] and
quantum Monte Carlo methods have been applied to ground-state energies of hypernuclei
up into the medium-mass regime [244,245]. While tens of thousands of A -hypernuclei are
expected to be bound [246], only 41 have been synthesized so far [18], with sometimes debated
experimental results, despite decades of experimental efforts. The lack of experimental data
affects the current description of the corresponding interactions from a theoretical point of
view. New data, in particular on neutron-rich hypernuclei, are essential and would provide
benchmark for nuclear theory.

The short lifetime of hypernuclei and the requirement for reactions that involve strangeness
impose experimental challenges for hypernuclei studies. In the past decades, meson (K or m)
and electron beams have been used to produce hypernuclei at various laboratories such as BNL,
KEK and Jefferson Laboratory (see [220] for a review), where a neutron or a proton is conver-
ted into a A —hyperon, respectively. As stable targets are used in these experiments, they are
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limited to near stability. Light hypernuclei are also produced during ultra-relativistic heavy-ion
collisions at the cooling stage of the quark-gluon plasma. Extensive measurements have been
performed by the ALICE and STAR collaborations, with a focus on the lifetime of hypertriton
XH (e.g. [247,248]). However, such collisions are only feasible for producing hypernuclei with
mass A < (4-5), since the production rate drops exponentially with the number of constituents
of the cluster [249].

An alternative that has the potential to extend the frame of hypernuclear studies is relativ-
istic ion collisions with projectile energies above the production threshold. In high-energy
collisions, the production mechanisms of hyperons are mostly associated with NN collisions,

e.g. p+p— p+A+K" (threshold at 1.6 GeV/nucleon) or secondary meson-nucleon collisions,

e.g. ™ +n— A+K" (threshold at 0.8 GeV/nucleon). The produced A hyperon can then be
absorbed by spectator residual fragments if it overlaps in both spatial and momentum space.
Compared to other techniques, since the hypernucleus is created from a projectile fragment, its
isospin and mass can be widely distributed. Pioneer experiments with this technique started in
the 1970s at Berkeley [250] and continued later in Dubna [251]. The feasibility of the method
was further demonstrated recently by the HypHI Phase-0 experiment at GSI using 2 GeV/
nucleon °Li projectiles impinging on a carbon target [252]. The known ?{4H hypernuclei as well
as the A hyperon were produced and observed successfully following their mesonic decay.
As a follow-up of the pioneering experiment, a programme based on the WASA detector at
the FRS has been initiated, where the first experiment using the same production reaction
was performed in spring 2022 [253]. The future phase of the HypHI project is to extend the
measurements towards the drip lines at the Super-FRS at FAIR using a dedicated set-up as
a post-WASA detector. This is mostly restricted to neutron-deficient hypernuclei, since from
the neutron-rich side, (most) exotic nuclei are not yet accessible owing to the limitation of
the magnetic rigidity provided by the FRS (18 Tm) and the Super-FRS (20 Tm). Yet, a new
method for producing neutron-rich hypernuclei via single-charge-exchange and DCX reactions

with heavy-ion projectiles on a target nucleus, combined with AK" production, has been
proposed [254].

A new experimental programme has been initiated at R’B to study the production of light-
and medium-mass hypernuclei from ion-ion collisions. The goal is to perform a complete
kinematics measurement of all particles that emerge from the decay of hypernuclei after
production from collisions of the ion beam and a fixed target, with high resolution. Light
hypernuclei decay mostly via the mesonic decay (A — m + p). Considering the two-body
channel, the hypernucleus will decay according to a typical lifetime of about 200 ps, to a pion
and residual nucleus. A precise measurement of the momenta and identification of the mass
and charge for the residual nucleus and decay pion allow us to perform an invariant-mass
spectroscopy of the decaying system, i.e. determine its binding energy, lifetime and size. In
addition, owing to the large acceptance of the NeuLAND detector at R’B, other decay channels
can also be measured simultaneously.

To achieve the measurement requirements, a dedicated set-up that provides sufficient
acceptance and efficiency for pions is necessary. As such, a new pion tracker has been devel-
oped, the HYpernuclei Decay at R°B Apparatus (HYDRA) time-projection chamber, which
will be placed inside the GLAD dipole magnet of the R’B set-up. The day-one experiment
foreseen in 2025 [255] will be performed with the HYDRA prototype that has recently been
built. It aims at determining for the first time the interaction cross-section of the hyperhalo

candidate hypertriton 3H with 2C. Understood as a universal phenomenon, halos are also
predicted in hypernuclei. Hypertriton is the lightest predicted hyperhalo. Although being
measured extensively, no measurement of its size has been reported so far. In 3H, the A is only
bound by 130(50)(40) keV [256] to a deuteron, a reference value from emulsion measurements.
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Meanwhile, there is a dispersion of different measurements, which results in different extracted
lifetime values, leading to the so-called ‘hypertriton puzzle’ [257].

In the proposed experiment, projectile-like hypertritons will be produced from “C + C
collisions at 1.9 GeV/nucleon and reconstructed via the invariant mass from their weak decay
into 7~ + *He. The measurement is a ‘hyper’ version of the historical Berkeley experiment that
led to the discovery of halo nuclei. Based on a new experimental method [36], the interaction
cross-section will be determined, allowing extraction of the unknown hypertriton matter radius
and providing an unambiguous conclusion on its halo or non-halo character. The extracted
matter radius will be key information on the structure of the hypertriton. Its size is believed to
be a critical quantity to predict the yield of hypertritons in ultra-relativistic heavy-ion collisions.
This experiment will serve as a proof-of-principle to demonstrate the feasibility of hypernuclear
invariant-mass spectroscopy, which can then be applied in future experiments at R’B to other
hyperhalo candidates such as 4He (S, = 0.17 MeV) and 4Be (Sop = 0.67 MeV) [258].

Already the jHe isotopic chain provides a compelling testing ground for hypernuclear
structure theory and YN interactions. Recent calculations in the no-core shell model, which
fully includes the coupled dynamics of A and X hyperons, using state-of-the-art chiral NN
and NNN interactions and leading order YN interactions. Figure 7 summarizes the excitation
spectrum as well as the hyperon separation energies from 4He to 'He and compares them
to the experimental data if available. The comparison of the three interactions shows that
ground-state, separation and excitation energies show a sensitivity to the YN interaction and
can be used to better constrain its parameters—this was done using a set of light hypernuclei
for the third interaction (YN,p) presented here. Evidently, for large optimizations of YNand
YNN interactions using hypernuclear observables, the availability of accurate data also for
neutron-rich hypernuclei will be critical. At present, ab initio no-core shell-model calculations
are possible up into the ALi isotopic chain [242]. For heavier hypernuclei, development of
efficient extensions, such as the in-medium no-core shell model [260], is in progress. This will
expand the domain of ab initio hypernuclear structure calculations to neutron-rich ,C and ,O
isotopes and beyond.

The long-range plan for hypernuclear studies at FAIR would be an experiment with
multi-GeV RIBs that would provide a unique opportunity to study neutron-rich hypernuclei
far from stability, unexplored up to date. This is part of the conceptual multi-GeV experiment
described in §4(c), where the motivation is detailed below.

The production of single-A hypernuclei in relativistic ion collisions was studied using the
Dubna cascade model as a function of the projectile energy for *C + "C collisions [261]. The
yields of hypernuclei increase steeply at the production threshold (1.6 GeV/nucleon), continue
to increase linearly up to about 5 GeV/nucleon and flatten out at higher energies. This implies
that the optimum to produce single hypernuclei would be in the range of 5-10 GeV/nucleon.
The mass distribution of the hypernuclei residues is broad, and the yield of specific hyper-
nuclei depends on the mass and charge of the colliding nuclei. The production of neutron-
rich hypernuclei when neutron-rich projectiles are considered may increase significantly, as
demonstrated in [262], which extended the calculation for '*'“C beams (at 2 GeV/nucleon).
Indeed, the results indicate that the production of neutron-rich nuclei increases by two orders
of magnitude when the projectile changes from "°C to '°C. Overall, RIB at several GeV/nucleon
would enhance strongly the formation of exotic hypernuclei, making their observation feasible.

Of particular interest would be to study the isospin systematics in hypernuclei for mass
A 210, where the density inside the nucleus reaches the nuclear saturation density. Such new
structure information would become a reference to constrain the YN and YNN interactions. As
an example, the systematics of binding energies along isotopic chains of carbon and oxygen
would be extended from XC to ¥C and from KO to 1O, while only very few have been
synthesized so far. Such systematics will be sensitive to the isospin dependence of the YNN
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Figure 7. Predictions from the ab initio no-core shell model for the yHe isotopic chain from fHe to ’He. () The excitation
spectrum with numerical values for the ground-state energies. (b) The hyperon separation energies. Three different sets
of chiral NN, NNN and YN interactions are employed in the calculations as indicated by the labels. Experimental data are
indicated by diamond markers if available. For details, see [259].

interaction since the number of Ynn triplets will range from 3 in 19C to 66 in ¥C and similarly

from 6 in KO to 66 in 3O.

4. Future developments

(a) Scattering off light ions in a storage ring

Scattering experiments in inverse kinematics focusing on low momentum transfer are particu-
larly challenging. In this case, the light-charged (target) recoils scatter at energies as low as a
few hundred keV, which requires in turn very thin targets to allow for precise measurements of
the scattering angle and energy. Here, storage rings are advantageous since thin gas-jet targets
can be used, while the luminosity loss owing to the thin target is gained back by re-circulation
of the stored beam. At GSI, the storage ring ESR, with a frequency of around 1 MHz allows such
high-resolution measurements for elastic and inelastic scattering.

A prime example is the excitation of the GMR. The centroid of the GMR strength distribution
has been used in the past to extract information on the incompressibility of nuclear matter. It is
of great interest to perform such measurements for heavy neutron-rich nuclei to constrain the
incompressibility term in the symmetry energy. In order to disentangle the monopole excitation
from higher multipoles, the differential cross-section has to be measured as close as possible to
0° in the c.m. frame. Figure 8a(i)(ii) shows the angular distribution for different multipolarities
for two excitation energies. The data points shown have been measured at the ESR at GSI
for *Ni using a He gas-jet target [263]. Precise cross-sections could be measured at angles
as low as 1°, the lowest so far reached in any inverse-kinematics experiment. In this angular
cm. range, the monopole excitation is dominant, allowing for a multipole decomposition
without introducing significant model dependencies in the procedure. This experiment, which
impressively demonstrated the power of the method, was performed and developed by the EXL
collaboration.

The experimental challenge for such experiments is the fact that a storage ring imposes
ultra-high vacuum (UHV) conditions. The set-up that has been used is shown in figure 8b. Two
silicon micro-strip detectors in vacuum pockets have been used to cover the regions of elastic
and inelastic scattering, respectively. The detectors serve at the same time as vacuum windows
to separate the UHV from the moderate vacuum in the pocket, where the connection to the
readout electronics can be placed. The detector covering the angular range important for the
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Figure 8. Measurement of the giant monopole strength of **Ni using inelastic a scattering in inverse kinematics at the
storage ring ESR [263]. (a(i, ii)) Plots showing the measured inelastic cross-section for two excitation-energy regions together
with the decomposition of the cross-sections into monopole, dipole and quadrupole contributions. It is apparent that for
scattering angles around 1° in the c.m., the monopole excitation is dominant and can be reliably extracted. The resulting
monopole strength is shown below and compared to random phase approximation calculation. (b) A schematic drawing of
the set-up in the storage ring. The green marked detector has been used for extracting the cross-sections, as also marked in
the inset showing the kinematical lines. Figure are reprinted from [263].

monopole excitation is marked in green, as is the angular range covered in the kinematical plot
in the inset. The extracted monopole-strength distribution is shown in the figure 8a(iii).

The scattering experiments performed so far have been conducted at the ESR storage ring at
GS], either by injecting and cooling direct beams from SIS18 or by using fragment beams from
the FRS. The use of radioactive beams is rather limited, given the large emittance of secondary
beams and the small acceptance for injection into the ESR. At FAIR, this limitation can be
overcome by injecting stochastically pre-cooled Super-FRS beams from the collector ring (CR)
into the ESR. This will result in a dramatic improvement in the acceptance of radioactive beams
including fission fragments, opening a large area of short-lived nuclei accessible for scattering
experiments in the storage ring including key nuclei like *Ca, ®Ni and '*Sn, as well as **Pb
and beyond. The same injection scheme could be used for electron scattering if an electron
accelerator is combined with the storage ring (see below).

(b) Electron-ion collider

Electron scattering measurements exist for many isotopes and are considered as one of the most
precise probes for nuclear structure. Currently, however, they are restricted to nuclei in the
valley of stability. Collisions of electrons with exotic nuclei are very challenging. The suitable
energy of electrons in the c.m. frame should be at the order of several hundred MeV, implying a
high-energy electron accelerator at the same place as a RIB facility. In addition, the electron-ion
cross-sections are small; thereby, a large luminosity is necessary. Storage rings, on the other
hand, have proven to be valuable tools for nuclear structure studies, in particular, when capable
of storing RIB.

The combination of a linear electron accelerator with a storage ring can thus enable a
systematic study of the development of the charge distribution and radii as a function of isospin
asymmetry using elastic electron scattering [264]. Combined with complementary proton elastic
scattering measurements, the neutron form factor and the neutron-skin thickness could be
determined. Even for relatively low luminosity, a measurement of the differential cross-section
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at the low-momentum-transfer range including the first minimum elastic form factor is feasible,
giving access to both the radius and shape, i.e. the diffuseness, at the surface of the nucleus.

The concept of using electrons as a probe in conjunction with storage rings filled with RIB
was initiated in the early 1990s. The very first facility, which came online in RIKEN, is based on
the technique of self-confining radioactive-isotope ion target (SCRIT) in an electron storage ring,
where the target ions are trapped along the electron beam axis [265]. As such, it is not a collider
properly speaking; the ions are confined by a transverse focusing force created by the electron
beam itself and a set of electrodes in a longitudinal direction. At SCRIT, radioactive ions are
produced from fission and transmitted at very low energy inside the electron beam. The set-up
has been commissioned successfully with stable *2Xe target, reaching luminosity of 107 cm? s’
[266]. Figure 9 shows the measured elastic differential cross-section distribution multiplied by
the luminosity as a function of the effective momentum transfer for different incident electron
energies. Assuming a two-parameter Fermi distribution for the charge distribution, its shape
parameters were extracted, resulting in RMS radius consistent with theoretical calculations.
Very recently, the first measurement of unstable nuclei was performed using '¥Cs ions with an
average luminosity of 0.9 x 10%* cm? s™ [267]. The programme of the SCRIT facility focuses on
elastic scattering of medium-mass residues. The reachable luminosity will allow the determina-
tion of charge radii and the diffuseness. On the other hand, it will not be sufficient to explore
the charge distribution of short-lived nuclei [264].

The first proper collider has been proposed at FAIR under electron-ion scattering in a storage
ring ELISe facility [268]. The experiments were planned to take place at the new experimental
storage ring, which is not part of the upcoming FAIR in its modularized start version (MSV).
Therefore, an alternative scheme has been developed: stochastically pre-cooled RIB from the
Super-FRS can be extracted from the CR and transported via a beam line at an energy of
740 MeV/nucleon to the existing ESR storage ring at GSI. There, a linear electron accelerator
could be installed. The same scheme can be used for in-ring light-ion scattering experiments
(§4(a)), where elastic proton scattering can be measured using an internal gas-jet target. Both
programmes could be realized already within the MSV, as soon as the CR is available, and will
be complementary to each other. The extracted form factor from electron scattering will serve
as an input to analyse the proton data, which will then provide the neutron and matter form
factors.

Determination of the neutron form factor and neutron radii is fundamental for nuclear
structure and benchmark of nuclear theory. Moreover, it is of particular importance for
understanding the neutron EOS close to saturation density. As presented in §3(e), a strong
correlation is predicted between the neutron-skin thickness and the slope parameter for heavy
nuclei close to saturation density, implying that its precise determination will allow us to
constrain the symmetry energy of the EOS. For exotic nuclei, the correlation is expected to be
more evident, as demonstrated in [203], where the neutron-skin thickness in **Pb versus that
of ’Sn and "*Ba was calculated. While for '®Ba with smaller neutron excess, the predicted
skin thickness is smaller, for the doubly magic "Sn nucleus with a larger neutron excess, it is
predicted to be about 30% larger. As a consequence, this also suggests that the slope parameter
of the increasing skin thickness as a function of N-Z provides additional constraints on the
neutron EOS.

A key measurement in such a facility is therefore the determination of radius, diffuseness
and neutron-skin thickness along the tin isotopic chain. The expected luminosities will also
allow us to cover a wide range in N-Z ranging from '“Sn to "*Sn. The required luminosity
for medium- and heavy-mass nuclei to cover the first minimum and following maximum of
the elastic form factor, so that both radius and diffuseness are well determined, lies around
10* ecm™ s™. For ™5n, the expected luminosity for the scenario described above amounts to
10¥ cm? s™. The trend of development of proton and neutron densities can thus be studied
over a wide range of neutron excess from N-Z =6 to N-Z = 32. In addition, it would also be
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Figure 9. Differential elastic cross-section multiplied by luminosity as a function of the effective momentum transfer
for different incident electron energies [266]. The curves represent calculations using a charge density obtained by
two-parameter Fermi distribution (black), Hartree—Fock + phenomenological calculation (red) and beyond-relativistic
mean-field theory (blue).

possible to perform exploratory quasi-elastic electron scattering studies for light nuclei, as well
as electron-induced fission.

(¢) Multi-GeV radioactive beam experiments

Despite the development of RIB facilities around the world in recent years, at present, multi-
GeV RIBs are not available. As presented in §1, at GSI, the energy of RIB is limited by the
maximum magnetic rigidity provided by FRS to 18 Tm, which will increase to 20 Tm for the
Super-FRS at FAIR, still not sufficient for producing multi-GeV RIB directly. From a long-term
perspective, the concept of re-accelerated RIB produced by the in-flight technique is introduced
here, which could be realized at FAIR in a future stage.

Nuclear reactions with RIB at energies of several GeVs at FAIR will lead to world-unique
opportunities for new experimental programmes, where in particular physics questions
relevant to the physics of neutron stars could be further explored: short-range correlations,
hypernuclei, presented in §§3(c) and 3(f), respectively, as well as heavy-ion collisions with large
neutron-to-proton asymmetry.

Electron scattering experiments in direct kinematics were not successful in resolving SRCs
using beam energies below ~4 GeV, as multi-step processes mask their contribution. This was
explained by the lack of a significant difference between the energy scale of SRC and the
average energy transfer in the probe-nucleon interaction at moderate energies. Following that,
a condition to resolve SRCs was formulated in terms of the energy transfer (v) and momentum
transfer (q,) [269]

v> K 2my, q, > 2k, (4.1)

with k the intrinsic momentum of the knocked-out nucleon. Although measurements in inverse
kinematics provide a much cleaner probe compared to direct kinematics, ideal conditions for an
SRC experiment would be RIB at several GeVs, where these scales become quite different and
therefore SRCs could be unambiguously measured. As presented in §3(c), the isospin asymme-
try dependence of SRCs, observed in stable nuclei, can have consequences for asymmetric
nuclei, which can be addressed by the use of RIB.

This energy range will also be extremely beneficial for hypernuclear studies, which are
currently mainly limited to hypernuclei close to stability owing to the production threshold at

17105207 <288 205y SUbiL g BisyeuImol/GioBusgndigaposiefo 0



Downloaded from https://royal societypublishing.org/ on 01 July 2024

energy of 1.6 GeV/nucleon. As a consequence of the limited magnetic rigidity and owing to
large mass-to-charge ratio of neutron-rich nuclei, only stable or neutron-deficient ion beams
can be used. However, as presented in §3(f), the production cross-section of neutron-rich
hypernuclei in ion-ion collisions is expected to increase substantially when exotic neutron-rich
ion beams are used [262] and is maximal at energy of several GeVs [261]. Therefore, with
multi-GeV RIB and a dedicated detection set-up, the landscape of single-A hypernuclei can be
extended. Information of new hypernuclei, e.g. measured binding energies and lifetimes, will
be of particular importance to infer the AN and ANN interaction for nuclear theory.

Extreme states of baryonic matter, similar to those existing in the interiors of neutron stars
or as transient states in merger processes of neutron stars [270,271], can be produced and
studied in heavy-ion reactions. This is accomplished by bombarding stationary targets with
ion beams at kinetic energies between 1 and 10 GeV/nucleon. Various observables have been
identified and used to constrain the EOSs for such baryonic matter under extreme conditions,
such as collective motion of protons and light nuclear clusters (flow), the spectral distribution
of produced mesons, in particular also kaons carrying strange quarks, higher-order cumulants
of baryon multiplicity distribution and recently also the radiation of virtual photons produced
during the dense stage of the reactions.

The detection of particles emerging from such reactions requires detectors with large
acceptance, high interaction rate, high granularity and excellent particle identification. Heavy-
ion experiments using beams from the SIS18 at GSI are limited to energies around 1.25 GeV/
nucleon. They were originally carried out by the FOPI and KAOS collaborations and are
nowadays performed with the HADES [272-278]. At higher beam energies, the STAR collab-
oration has investigated heavy-ion reactions, both in collider and fixed-target mode, but with
limited rate capability. At FAIR, these measurements will be extended to higher energy regions
around 15 GeV/nucleon by the high-rate CBM experiment. As a matter of fact, the isospin
composition of the matter investigated in those experiments is dictated by the proton-to-neu-
tron ratio given by the stable nuclei composing the beam and the target.

As already presented in §3(e), angular modulations of the phase-space distribution of
emitted particles (flow) have been identified as sensitive observables to the EOS. For example,
the so-called elliptic flow of protons, i.e. the second harmonic modulation around the beam
axis (vz), has been suggested to be most sensitive to the EOS [279]. The HADES collaboration
has demonstrated that the continuum dilepton radiation can provide a model-independent
measure of the average temperature of the transient state of hot and dense matter and also an
indirect estimation of the densities reached in the evolving nuclear fireball. Based on studies
using microscopic transport models for heavy-ion collisions, it has been conjectured in [280]
that pions created in the high-density regions of heavy-ion collisions should, in particular, be
sensitive to the symmetry energy term of the EOS.

The SnRIT collaboration has for the first time addressed in detail the isospin dependence
of the pion emission by employing unstable beams at the RIBF. The spectral distribution of
negatively and positively charged pions has been measured with RIB [281], extending the
isospin asymmetry compared to previous studies. Central *?Sn + '*Sn, "?Sn + *Sn and '®Sn
+ 2Gn collisions at an energy of 270 MeV/nucleon (maximal at the RIBF) have been investiga-
ted, where individual pion multiplicities were extracted with a precision of 4%. Comparing
systems with different neutron-to-proton ratios but similar Coulomb effects allows us to
study the isospin dependence of the observable. The spectral ratio of charged pions and its
sensitivity to the asymmetry term of the EOS have already been studied using microscopic
transport models for heavy-ion collisions in [280]. However, the predictive power of micro-
scopic transport calculations suffers when applied to reactions at higher beam energies as
the abundant production of baryonic resonances requires many more parameters which are
often not well constrained. Moreover, the high density and temperature reached in the centre
of the fireball challenge the application of semi-classical transport theory. Yet, simulations of
binary neutron star mergers require a prescription of the EOS for densities up to ~ 3p; and
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temperatures in excess of 50 MeV. Such conditions can only be reached in a laboratory for
beam energies of a few GeV/nucleon. To better constrain microscopic transport calculations,
the models must reproduce several observables simultaneously. It should be pointed out that
microscopic transport models are essential for the extraction of the EOS based on data from
collision experiments. Various theoretical approaches to study the dynamics of such collisions
and to define sensitive observables are pursued [282,283], and a continued effort exists aiming
at reducing the model uncertainties [284]. An important aspect is the relevance of the isospin
degree of freedom for the EOS once the temperature in the fireball reaches a significant fraction
of the pion mass. Under such conditions, charge-exchange reactions are frequent and can lead
to a rapid ‘equilibration” of the isospin [285]. A huge step forward in constraining the EOS of
baryonic matter and the importance of the isospin asymmetry would be achieved by investigat-
ing heavy-ion collisions using RIB at a few GeV/nucleon [286] with a state-of-the-art heavy-ion
experiment. Such a facility would enable high-statistics measurements of particle emission with
the possibility to vary the collision energy and the isospin content of the collision zone.

The concept for the multi-GeV experiments may be based on the use of the CR at FAIR
and the post-acceleration of RIB after their production at the Super-FRS. Owing to the large
emittance of RIB produced at the Super-FRS, as the first step, they will be transported to the
CR. There, fast stochastic cooling will be used to extract low-emittance RIB with momentum
spread Ap/p <0.05% and dispersion in the transverse direction better than 0.5 mm mrad [287].
In a second step, the pre-cooled ion beams will be transported via a return beam line at energy
of 740 MeV/nucleon and re-injected back into SIS100 for further acceleration up to the desired
energy of several GeVs. Finally, beams could be delivered into an experimental area where the
reactions of interest will take place, either an existing or new hall that will be equipped with
a suitable detector set-up. The cooling and injection stage of RIB from the CR takes about 2
s, which is the main part of the acceleration cycle. This therefore limits the lifetime of the RIB
that can be used. Taking this into consideration, possible isotopic chains that can be studied, for
example, ¢ 1¥C, - 20Q, 40-48Cq, % ¥Nj, 18 132G and ¥ 2"°Pb, covering a wide neutron-to-proton
asymmetry range as well as different mass regions, allowing for systematic isospin studies.

5. Conclusion

The field of radioactive physics has witnessed enormous growth over the past decades, with
major advances in understanding exotic nuclei and the properties of nuclear matter. The
scientific achievements became possible owing to major upgrades of existing RIB facilities,
while new ones are coming online. Yet, this led to some open questions on the structure of
medium- and heavy-mass nuclei, the existence of multi-neutron systems, the EOS of neutron-
rich matter as well as the role of strangeness in dense nuclear matter.

Since the 1990s, GSI has been a world-leading facility for nuclear structure experiments
at the GeV incident energies. The coming soon into operation FAIR facility will provide an
increase in RIB intensities by orders of magnitude. As such, it will give access to a broad
range of exotic nuclei, reaching unexplored territories of the nuclear landscape. FAIR is unique
in terms of its broad energy range of RIB, from a few hundred MeV/nucleon up to relativis-
tic energies above 1 GeV/nucleon, giving access to new regions of excitation energies and
unambiguous identification of heavy elements. The physics at FAIR will be of high impact,
covering a wide range of many-body structure phenomena as well as astrophysics providing a
unique opportunity to address the Universe in the laboratory.

In this review, we focused on the R’B set-up, which will be installed at the high-energy
branch of NuSTAR and is specially designed for experiments involving reactions with RIB,
exploiting kinematically complete measurements by detecting all reaction particles in coinci-
dence. The latter will be achieved by several newly developed detection systems, allowing
for simultaneous measurement of light-charged particles, gamma-rays, recoil fragments, as
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well as neutrons with particular excellent multi-neutron detection capability and high energy
resolution.

By using various nuclear reactions and measuring their associated observables, a rich
physics outcome is foreseen with new discoveries at and beyond the limit of nuclear stability.
Along this review, we presented several highlight cases, with substantial ongoing developments
in recent years, that can be addressed uniquely at FAIR with relativistic RIB. In particular, QFS
will cover a major fraction through shell evolution and s.p. properties, neutron clusters and
fission evolution. Hypernuclear physics is another exciting frontier, giving access to properties
of undiscovered hypernuclei and the associated YN interactions, essential for the EOS. Further
constrains on the EOS will be determined, for example, by measurements of the neutron-skin
thickness along isotopic chains with the highest precision.

New avenues can be realized in the future at FAIR based on the use of storage rings and an
electron-ion collider. Finally, the concept of multi-GeV RIB experiments at FAIR is a promising
approach to isospin asymmetric high-density nuclear matter.
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