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Abstract. The Facility for Antiproton and Ion Research (FAIR) will be the
accelerator-based flagship research facility in many basic sciences and their applications
in Europe for the coming decades. FAIR will open up unprecedented research
opportunities in hadron and nuclear physics, in atomic physics and nuclear astrophysics
as well as in applied sciences like materials research, plasma physics and radiation
biophysics with applications towards novel medical treatments and space science. FAIR,
is currently under construction as an international facility at the campus of the GSI
Helmholtzzentrum for Heavy-Ion Research in Darmstadt, Germany. While the full
science potential of FAIR can only be harvested once the new suite of accelerators
and storage rings is completed and operational, some of the experimental detectors
and instrumentation are already available and will be used starting in summer 2018 in
a dedicated research program at GSI, exploiting also the significantly upgraded GSI
accelerator chain.

The current manuscript summarizes how FAIR will advance our knowledge in
various research fields ranging from a deeper understanding of the fundamental
interactions and symmetries in Nature to a better understanding of the evolution of
the Universe and the objects within.
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1. The scientific motivation of FAIR

Our world is governed by four fundamental interactions. The strong force operates
among quark and gluons at very short distances and is responsible for the composition
and dynamics of atomic nuclei. The electromagnetic force, of inifinite range, governs
atomic physics and chemistry, and hence most of the phenomena of everyday life. The
weak interaction, operating like the strong force on very short distances, but with much
smaller strength, is the only force which can change electromagnetic charges and hence is
responsible for radioactivity observed in nuclear beta decay. Despite being the smallest
in strength of all interactions by far, gravity nevertheless dominates the large scale
structure of our Universe.

Modern physics describes all four interactions by well-established theories. Three of
these (quantum chromodynamics (QCD) for the strong force, and electroweak theory for
the unified electromagnetic and weak forces) are based on the concept of quantum gauge
theory, while gravity is described in the framework of general relativity. The formulation
of a quantum theory of gravity and the unification of all forces within one theoretical
framework is one of the ultimate goals of physics. Another driver of today’s science is,
on the one hand, to explore and understand the plethora of structures and phenomena
incorporated and predicted by the fundamental theories, and, on the other hand, to test
their limitations and applicability looking for potentially new physics beyond them. Like
no other place, the Facility for Antiproton and Ion Research (FAIR) [1] will contribute,
directly and indirectly, to this quest.

FAIR is the next-generation accelerator facility for fundamental and applied
research providing a worldwide unique variety of ion and antiproton beams for a large
variety of experiments. FAIR is an international facility with 10 partner countries
currently under construction at the GSI Helmholtzzentrum fiir Schwerionenforschung
in Darmstadt, Germany. More than 2500 scientists and engineers from more than 50
countries on 5 continents are involved in the preparation and definition of the research
at FAIR which is expected to start full operation in 2025.

The heart of FAIR is the superconducting, fast-ramping heavy-ion synchroton
SIS100. This high-intensity machine is supplemented by a proton linear accelerator
used for the production of antiprotons, a variety of rings for stored cooled ions and
antiprotons, and the Superconducting Fragment Separator (SFRS) for the generation
and clean identification of secondary beams of short-lived ions. The FAIR accelerator
complex is unique by offering beams of all ion species and antiprotons at high
energies with unprecedented high intensities and quality (i.e. with very precise energy
and profile) which are available at several experimental areas with a suite of novel
instrumentation and detectors for fore-front research in hadron, nuclear, atomic and
plasma physics, and applications in material sciences and bio- and radiation physics.
The layout of FAIR is shown in Fig. 1.

The main thrust of FAIR research focuses on the structure and evolution of
matter on both the microscopic and the cosmic scale, bringing the Universe in the
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Figure 1: The FAIR accelerator complex

Laboratory. In particular, FAIR will expand our knowledge in various scientific fields

beyond current frontiers. To this end, researchers worldwide have organized themselves
in four international collaborations (PANDA, CBM, NUSTAR and APPA) addressing,
respectively:

the investigation of the properties and the role of the strong force in shaping and
building the visible world around us and its role in the evolution of the universe;
the phase diagram of quantum chromodynamics, in particular at the high densities
as they are encountered in neutron stars;

tests of symmetries and predictions of the standard model of electro-weak theory,
in particular in the range of strong-field quantum electrodynamics, and special
relativity;

the properties of nuclei far off stability, in particular studying their role for the
origin of the elements in the universe;

applications of high-quality, high-intensity beams in research areas that provide the
basis for, or address directly, issues of applied sciences and technology.

In this manuscript we will discuss the outstanding research opportunities at FAIR.

In our layout, we follow the 2017 NuPECC long range plan, which lists FAIR as a top
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priority in all 6 chapters of the report [2]. Chapter 2 deals with the quest to explore
hadron structure and dynamics exploiting proton-antiproton annihilation. Chapter 3
discusses how ultrarelativistic heavy-ion collisions allow to study the phase diagram
of nuclear matter and the nuclear Equation of State. In chapter 4 we discuss how
FAIR enlarges the reach to exotic nuclei far-off stability. Chapter 5 is devoted to
FAIR’s unrivaled contributions to nuclear astrophysics, in particular to the origin of
the elements in the Universe and to the associated astrophysical objects which make
them. In chapters 6-9 we summarize the many possibilities FAIR offers in atomic physics
exploiting highly-charged ions, to test matter-antimatter symmetries with low-energy
antiprotons, and in plasma physics and biophysics using heavy-ion beams.

2. FAIR as a QCD machine

2.1. A short introduction to Quantum Chromodynamics

The strong interactions, described by Quantum Chromodynamics (QCD) [3], constitute
the last frontier of the so tremendously successful Standard Model of particle physics.
It unifies the strong, the electromagnetic and the weak forces. All interactions are
described by gauge field theories, with spin-1 gauge bosons supplying the interactions.
For the strong interactions, these are the gluons, that not only couple to the matter
fields, the quarks, but also to themselves. Furthermore, these gluonic self-interactions
lead to the remarkable running of the strong coupling constant with two very distinct
properties. At large momentum transfer or energy, the coupling constant is small and
allows for precision tests of the theory based on perturbation theory in deep inelastic
scattering and related processes [4, 5]. At small momentum transfer, that is for energies
or momenta of the order of 1 GeV or so, the coupling becomes so large that perturbation
theory can not be applied any more. Even more remarkable, the fundamental fields of
QCD have never been observed in isolation, in fact, they are confined within hadrons
and nuclei. This is the feature that distinguishes QCD from its electroweak siblings and
constitutes a major challenge to theory and experiment as will be discussed below.

Let us pause and review briefly a few properties of QCD that will be of relevance
to the following discussion. First, while there are six quark flavors, these matter fields
fall into two distinct categories. On the one side, there are the light quarks up, down
and strange and on the other side the heavy quarks, with charm, bottom and top flavor.
Here, light and heavy refer to the scale of dimensional transmutation, Aqgcp ~ 250 MeV.
QCD also features a number of (broken) symmetries. In the light quark sector, the
chiral symmetry is spontaneously broken with the appearance of eight pseudo-Goldstone
bosons, that play an important role in hadron structure and nuclear dynamics. In the
heavy quark sector, spin and flavor symmetries for the charm and bottom quarks are
intertwining the properties of seemingly unrelated bound states and interactions. We
note that the top quark decays too quickly so that it can not form strong interaction
composites. In addition, there are a few anomalies that feature prominently in the QCD
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dynamics but need not concern us for the following discussions.

2.2. The mysteries of the QCD spectrum

As stated above, QCD forms complex, colorless bound states in forms of hadrons and
nuclei. Let us consider hadrons first. For a long time and even before QCD was
formulated, the quark model served as an efficient tool to bring order into the so-called
particle zoo (the large number of observed hadrons). In fact, most of the states found
experimentally can be categorized as belonging to the two simplest forms of colorless
bound states made of constituent quarks, namely mesons composed of a quark and an
antiquark and baryons as three quark composites. But it was already pointed out by
Gell-Mann [6] that more complex systems are also allowed by the symmetries, such as
tetra- or pentaquarks (compact bound states of two quarks and two antiquarks or of four
quarks and one antiquark, respectively). With the formulation of QCD, other so-called
exotic forms of matter became possible, such as glueballs (bound states made of gluons
only) or hybrids (bound states of quarks and gluons). These type of states fall into
two distinct categories. First, they can have quantum numbers also allowed for quark
model states. In this case, one expects sizable mixing effects, as e.g. for the lightest
calculated scalar glueball and the observed scalar mesons in the 1.5 GeV mass range, and
therefore an unambiguous identification will be extremely difficult. Second, they can
carry quantum numbers not allowed by the quark model, which offers the best possibility
to detect this intricate type of matter. In fact, these types of states for a long time defied
any experimental effort to establish them. However, there have always been a number
of states in the meson and baryon spectrum which did not fit into the quark model,
notably the A(1405) in the strangeness —1 sector of the baryon spectrum, predicted by
Dalitz and Tuan in 1959 [7] from coupled channel dynamics, or the light scalar mesons
(0, K, f0(980),...). It also became clear that the constituent quarks underlying the
quark model are not the basic blocks of QCD, these are the so-called current quarks. In
fact, the constituent quarks in some way model the complicated environment in which
the current quarks reside and can be considered as effective degrees of freedom.

Then, in 2003 with the first experimental findings of the positive parity charm-
strange mesons, the D*;(2317) at Babar [8] and the D,;(2460) [9] at CLEO, see Fig. 2
as well as the charmonium-like state produced in the exclusive decay process BT —
K*ntn=J/1, the X(3872), at Belle [11], a completely new area of hadron spectroscopy
began, which can be dubbed the “XYZ-area”. A race at all colliders world-wide began,
and many new states that did not fit at all in the patterns predicted by the quark model
were established, in particular also charged quarkonium states that require at least two
quarks and two antiquarks in their minimal flavor composition. Correspondingly, a
flurry of theoretical and lattice QCD studies tried to reveal the nature of these states
and made predictions, some of which will be discussed later. In addition, LHCb found
indications for two pentaquark-type states with hidden charm [12], which resurrected
interest in exotic baryons after the very sad story of the light-flavored pentaquark ©7,
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Figure 2: Spectrum of the mysterious charm-strange meson for given spin and parity (as
indicated on the x-axes) compared to the otherwise successful quark model [10]. The
pertinent DK and D*K thresholds are also shown.

that had unfolded in the beginning of the millenium [13]. It should be noted that with
the exception of the BESIII experiment at the Beijing-Electron-Positron-Collider, with
CLEO-c at Cornell and COMPASS at CERN, most of the experiments that contributed
to this spectroscopy revolution (Babar at SLAC, Belle/Bellell at KEK, CDF and DO
at FNAL, and LHCb, Atlas, Alice and CMS at CERN) were not built for this purpose.
This is also the reason why PANDA at FAIR can make decisive contributions, as one
of the main goals of PANDA is the spectroscopy in the charmonium region, as will
be discussed in more detail below. While there is still no general consensus on the
theoretical side about the nature of most of these states, as a matter of fact a large
number of these are located (very) close to two-particle thresholds. As examples consider
the D?,(2317) [D4(2460)] that sits only 45 MeV below the DK [D*K] threshold or the
X (3872), that is essentially degenerate with the D°D%* threshold. Therefore, such states
are premier candidates for hadronic molecules, that are loosely bound states of colorless
hadrons much like the deuteron in nuclear physics, which is bound by only 1 MeV per
nucleon and fairly extended in space. It is important to realize that nuclei and hadron
physics are just different manifestations of the emergence of structure in QCD and thus
should not be considered separately. For recent reviews, see Refs. [14, 15, 16].

As should be clear, these remarkable experimental findings have gone hand in hand
with theoretical developments that allow for model-independent studies of the spectrum
or at least parts of it. Both in lattice QCD as well as Effective Field Theories (EFTSs)
(or combinations thereof), much progress has been made towards an understanding of
the hadron spectrum. Let us first make some comments on lattice QCD. Here, the
space-time is discretized and the QCD path integral is solved by stochastic methods
(Monte Carlo simulation) on high performance computers. While this sounds simple,
it requires a tremendous effort in devising fast algorithms and dealing in a systematic
fashion with the various artefacts introduced due to the finite volume, the finite lattice
spacing and the often unphysically light quark (or pion) masses. A breakthrough was
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achieved in 2008, when the first precision calculation of the light hadron spectrum with
almost physical up and down quark masses was performed [17]. Since then, a cornucopia
of results with light pion masses has appeared and methods have been developed to
compute particle decays into two and three particles, usually extending the pioneering
work of Liischer [18]. This is of utmost importance as most hadrons are resonances,
thus one must be able to compute their masses and widths. In addition, as one goes up
in energy, more and more two- and three-body channels open and further complicate
the picture. It is fair to say that at present only well separated resonances like the
p-meson have really been calculated ab initio and a few attempts have been made to
look at more complicated systems with light and/or charm quarks involving coupled
channels, see e.g. Refs. [19, 20, 21]. In addition, non-relativistic EFTs allow to address
particular energy regions, especially in the vicinity of two-particle thresholds or when
heavy quarks are involved. Such a framework allows one also to investigate kinematical
structures like threshold cusps or triangle singularities, that can mock up resonance
signals in experiment. For a more detailed discussion, see [16].

2.8. Production and spectroscopy of baryon-antibaryon pairs

In addition to the spectroscopy research discussed so far, PANDA at FAIR will also
be able to contribute to the important interplay between the emergence of structure in
QCD and the interactions of the corresponding hadrons. This holds in particular for the
excitation spectrum of baryons with strangeness and the corresponding baryon-baryon
interactions, such a hyperon-nucleon or hyperon-hyperon forces. Indeed, surprisingly
little is known about the excitation spectra of (multi)strange and charm baryons. Since
the cross sections into baryon-antibaryon final states are large, the spectroscopy of
excited hyperons is a compelling part of the initial program at PANDA. Furthermore,
the interactions between hyperons are another area where the data situation is to say
the least sparse. These interactions are not only interesting by themselves, but are also
known to play an important role for the physics of compact stars. In fact, with the new
area of gravitational wave astronomy [22], the nuclear equation of state plays an even
more prominent role [23, 24]. Hyperon-hyperon and hyperon-nucleon interactions can be
obtained from the spectrum of single- and double-hypernuclei, that will be abundantly
produced at FAIR. On the theoretical side, effective field theory [25] and lattice QCD
studies [26, 27] are paving the way for a model-independent analysis of these data.
Another interesting feature is the possible appearance of exotic bound states, a field
that was triggered by Jaffe’s prediction of the H-baryon [28], an exotic six quark (A-A
bound) state with strangeness —2, that has never been observed. However, this state
and other strange di-baryons are nowadays amenable to lattice QCD [29] as well as
precise EFT studies [30]. This part of the FAIR hadron physics program links directly
to the superb nuclear structure and nuclear astrophysics investigations that will be done
by the NUSTAR collaboration at FAIR (see below). It is worth to emphasize again that
hadrons and nuclei should be considered together, as these are different manifestations
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of the structure formation in QCD.

2.4. What will FAIR deliver?

Here, we briefly discuss how the hadron and hypernuclear program with the PANDA
experiment at FAIR will advance our understanding of structure formation in QCD
(for more details, see the PANDA physics book [31], being aware that there has been
tremendous progress in the field since then). All this is only possible because of the
fine energy resolution that can be achieved in proton-antiproton annihilation at FAIR’s
High-Energy Storage Ring HESR supplemented by modern technologies incorporated
in the PANDA detector. The accessible energy range of PANDA is depicted in Fig. 3.
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Figure 3: Overview of the hadron states accessible in antiproton-proton (pp) annihilation
as a function of antiproton momentum (upper scale) or center-of-mass energy (lower
scale). The red dashed lines indicate the range accessible with PANDA at the HESR.

Gluonic excitations: The glueball spectrum in pure Yang-Mills theory is well
determined [32], with the lowest state a 07t excitation with a mass below 2 GeV.
This state is expected to mix heavily with scalar mesons of a similar mass and no
lattice QCD calculation exists that accounts for this. Glueballs with higher spin and
exotic quantum numbers in the mass range from 2.5 to 5 GeV are only accessible with
PANDA at FAIR. For hybrids, there are lattice QCD predictions of hybrid meson states
in the mass range from 2 to 2.5 GeV with exotic quantum numbers [33], however, these
calculations were done at rather large pion masses and did not properly include the
channel couplings alluded to before. Non-relativistic Effective Field Theory (NREFT)
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Figure 4: Behavior of near-threshold line shapes for compact (left panel) and molecular
states (right panel) around a threshold indicated by the dashed perpendicular line. The
x-axis shows M = my; + my + E, with E the energy and m; 2 the masses of the two
hadrons forming the molecular state.

also predicts hybrids in the mass region between 4 and 4.5 GeV [34], but it remains to
be seen whether particular decay properties that would allow to identify these states
can be predicted. In any case, there is a rich field for discovery here.

Charmonium spectroscopy: While many exciting results concerning the XYZ states
have been already obtained and more will be generated in the next years, PANDA
will not only be a “XYZ-factory”, producing hundreds of these elusive states like
the X (3872) or Z.(3900) per day, the superb resolution will also allow to make
precision measurements of these particles, eventually revealing their true nature. This
is symbolically shown in Fig. 4, where the line shape for a compact tetraquark state is
compared to a hadronic molecule with exactly the same mass (and all other quantum
numbers equal) around a two-particle threshold. While the former is symmetric around
the threshold energy, the latter is highly asymmetric and further exhibits a visible non-
analyticity at the two-particle threshold. In addition, such line shape measurements
can also differentiate between bound and virtual states (for details, see the review [16]).
PANDA will be unique in performing such threshold energy scans and thus will be able
to determine the width of the X (3872) (and other states) from the line shape, which is
not possible in ee™ or pp production experiments. So despite the many results already
obtained in this field, FAIR is in a unique position of solving a number of remaining
mysteries by producing data with an unprecedented accuracy.

D-meson spectroscopy: Similar to the quarkonium sector, PANDA will also be able
to solve some puzzles in the heavy-light sector. Of particular importance will be a
measurement of the width of the DZ,(2317), which decays isospin-violating to D} r°.
In the quark model, such isospin-violating decays are strongly suppressed and thus the
width is calculated to be 10 keV or less, see e.g. Ref. [35], but larger than 100 keV if it
is a molecule, due to the channel couplings, see e.g. Ref. [36]. The upper limit on its
width is presently 3.8 MeV [37]. Such a small width a predicted by the various models
is very difficult to measure directly. However, the shape of this excitation function (the
line shape) depends on the particle width, thus the measurement of the shape can be
used to deduce the particle width. A corresponding simulation for PANDA is shown in
Fig. 5, indicating that the width resolution of the order of 100 keV is feasible [38]. This
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would be the most stringent test of the molecular scenario so far and might lead to a new
paradigm in heavy-light spectroscopy [39], similar to the light scalar mesons, were the
quark-antiquark excitations do not form the lowest multiplet but rather molecular states
like the o(500), the f5(980) and so on. This would be truely a remarkable achievement.
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Figure 5: Excitation function to simulated scan data for a D%,(2317) with a width of
10 keV (lowest line) up to 1 MeV (upmost line).

Strangeness physics: PANDA will also be a strangeness factory, because even in
phase 1, hyperon-antihyperon pairs will be copiously produced. This will allow to study
excited states of double-strange hyperons (=*), triple-strange hyperons (22*), charmed
hyperons (A%, 3*) as well as hidden—charm nucleons (Ng., pentaquarks). In addition,
antiproton annihilation on nuclei will give access to double hypernuclei to study baryon-
baryon interactions and possible di-baryons. This is a wide field with a large potential
for surprises and of high importance to nuclear astrophysics, e.g. neutron star structure.
As is well-known, the nuclear equation of state is rather sensitive to strangeness, as is

also discussed in the upcoming chapters.

Electromagnetic processes: Another area where PANDA can make significant
contributions are processes involving real or virtual photons. In particular, our
knowledge of the time-like form factors of the proton can be advanced tremendously
as individual measurements of the electric and magnetic form factors as well as their
relative phase become possible at FAIR [40]. In this way, one will be able to finally clarify
whether strong enhancement in the cross section at the two-nucleon threshold is due to
a subthreshold resonance or generated by final-state interactions [41]. Further, PANDA
can make important contributions to the understanding of the proton’s quark-gluon
substructure through measurements of transition distribution amplitudes, generalized
distribution amplitudes as well as the Drell-Yan process.

2.5. Outlook

The hadron physics program at FAIR has been under severe criticism from the start.
However, over the years, there has been a tremendous revival of interest in spectroscopy
due to the observation of many unexpected states at colliders world-wide. A large
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number of fine data has been collected and is being generated in the next few years at
various laboratories world-wide, but from the above discussion it should have become
clear that there is a wvery rich discovery potential with PANDA at FAIR. With the
data collected over the years and the further development of theoretical methods and
calculations, we can look forward to a real understanding of the emergence of structures
in QCD, which would constitute arguably the most remarkable achievement of research
at the Facility for Antiprotons and Ions Research. The future for hadron physics with /for
FAIR looks very bright indeed.

3. FAIR - opening a new window into QCD matter

Understanding the properties of QCD matter is not only of fundamental interest but has
also important implications for the world around us. Ninety-eight percent of the mass
of every atom is due to QCD dynamics, with the remaining two percent coming from
the Higgs-mechanism. The structure of neutron stars as well as the dynamics of the
recently observed neutron star mergers are controlled by the properties of QCD matter,
in particular its equation of state (EoS). More fundamentally, QCD matter will likely
be the only matter made from fundamental degrees of freedom of the standard model,
quarks and gluons, which can be actually explored in the laboratory. Understanding
its phase structure is therefore of central interest and it may inform us about the
structure of matter at the electro-weak and even higher energy scales, and thus help
us in constraining the dynamics of the early universe right after the Big Bang.

In the laboratory QCD matter is produced by colliding heavy nuclei at relativistic
energies. Over the last decades, ultrarelativistic collisions of heavy nuclei at increasingly
higher center of mass energies have been studied at the Relativistic Heavy Ion Collider
(RHIC) at BNL and at the Large Hadron Collider (LHC) at CERN. The analysis
of collected data provided detailed insights on the behavior of the nuclear matter at
very high temperatures and low net-baryon densities, conditions very similar to those
that prevailed some microseconds after the Big Bang. The experiments at RHIC and
LHC have paid off the huge investment in money and human resources made by DOE
and European Research Institutions by providing strong evidence of the existence of
the Quark-Gluon-Plasma (QGP), a scientific landmark of paramount importance for
understanding the properties of hadrons and the evolution of the Universe. In particular
is has been established that the Quark-Gluon-Plasma is very opaque and, at the same
time, it behaves like a nearly perfect fluid, with a shear viscosity to entropy ratio close
to limit of infinitely strong coupling (for reviews see e.g. [42, 43]). Interestingly, the
other known substances exhibiting a similarly small shear viscosity to entropy ratio
are ultra-cold quantum gases with an interaction tuned to be at the unitarity limit.
Experiments at RHIC and LHC have also demonstrated that heavy ion collisions create
a nearly thermal system of strongly interacting matter where all possible states are
created according to their statistical weights. As a result even rather exotic states
such as the 3 H and 3 H [44, 45, 46] have been observed in these reactions. Therefore,
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given sufficient statistics, heavy ion reactions may serve as sources for even more exotic
multi-strange nuclei which otherwise would be difficult to produce.

While most of the activity in heavy ion research has focused on the highest energies
to study high-temperature QCD matter, the interest in collisions of heavy nuclei at
lower energies has grown substantially over the past years and has led to the design of
a number of new experiments at accelerator facilities under construction. The goal of
this novel strategy is to study QCD matter and its phase diagram at large net-baryon
density. Indeed, at moderate centre of mass energies, the colliding nuclei create at
the mid-rapidity region a medium with finite net-baryon density which increases with
decreasing beam energy, with a maximum around 30 AGeV [47], where a density of up
to ten times that of the nuclear ground state is reached, i.e., a density which we believe
exists in the cores of neutron stars.

Clearly the Compressed Baryonic Matter Experiment, CBM, at FAIR in Darmstadt
is well positioned to explore many facets of QCD matter, find new exotic states (in
conjunction with the complementary PANDA experiment). In addition it will be able
to explore the equation of state at densities and temperatures close to those probed by
neutron star mergers. For a comprehensive review of the CBM physics program see [48].

3.1. Exploring the QCD phase diagram

QCD matter at rather low net-baryon density has been extensively studied in
experiments at RHIC and LHC, where the existence of the QGP and its unique
properties — near perfect fluidity and large opaqueness — have been established. At
the same time Lattice QCD calculations have determined that at vanishing net-baryon
density the transition from a hadronic system to the QGP is an analytic cross-over
[49]. Also, experimentally no fluctuation signals associated with a phase transition have
been observed. However, the situation at large net-baryon density may very well be
different. Many model calculations predict a first order phase co-existence region at
large densities (see e.g. [50]). This co-existence region will end in a critical point,
which, if it exists, would constitute a landmark not only in the QCD phase diagram
but in the standard model. A sketch of the QCD phase diagram is shown in Fig. 6.
Therefore, not surprisingly, parallel to the study of high-temperature nuclear matter,
interest in collisions of heavy nuclei at lower energies has grown substantially over the
past years.

Unfortunately the region of the QCD phase diagram at large net baryon densities
and low temperatures cannot be addressed theoretically by first-principle calculations
like lattice QCD. Instead, one has to rely on effective models and in particular on
experiment and a coherent theory effort. Since a relativistic heavy ion collision is a
highly dynamical process, one of the most important tasks is the development of a
dynamical framework which reliably propagates the signals for example of a critical
point to the final state. At the highest energies viscous hydrodynamics combined with
the equation of state from lattice QCD serves as such a framework. However, at the



All the Fun of the FAIR 14

S ook m
[ g
= = Quarks and Gluons
I; %' Critical point?
5 2 Oecy,
- ,7,;
© 7
2 l Ibe’),-
g o0} z Hadrons o,
£ S
Q 7
= “ ¥ %
& %
%
Color Super-
Neutron stars  conductor?
' Vya
. T ' 7/ ]
Nuclei Net Baryon Density

Figure 6: Sketch of the QCD phase diagram including a critical point and a first order
co-existence region. Also shown are typical trajectories of heavy ion collisions at LHC,
RHIC and FAIR.

energies relevant for FAIR this framework needs to be improved and modified in many
important aspects, for example: What are the initial conditions? What is the equation of
state at large baryon densities? How does one faithfully propagate fluctuations resulting
from a phase transition? Is hydrodynamics still valid? If not, what is the alternative?
In addition to such a dynamical framework, it is, of course essential for this program,
to have well defined observables which are sensitive to possible structure in the QCD
phase diagram. One such observable are the cumulants of the net-proton distribution
which is expected to show a strong maximum at the eritical point [51, 52]. And indeed
preliminary data by the STAR collaboration from the first beam energy scan at RHIC
show a strong increase of the fourth order cumulant at the lowest energies accessible at
RHIC [53, 54]. This increase towards lower energies and especially the magnitude of
the fourth-order cumulant at the lowest energy of /s = 7.7 GeV cannot be explained
by presently available models, which all predict a decrease of the cumulants [55, 56].
Therefore, if the preliminary STAR data are confirmed in the second phase of the RHIC
beam energy scan, one may very well see the first hints of the QCD phase transition or
critical point. And since one has not yet seen the maximum of the cumulants, FAIR
and CBM may very well be in position to actually discover the QCD critical point.

Of course it will require more than one observable to establish the existence of a
critical point. In addition to large fluctuations one expects a softening of the equation
of state and long lifetime of the system. The former can be accessed by measuring the
collective expansion or flow of the system. The latter is best probed by the measurement
of the dilepton yield. In addition dileptons measure the spectral function of the vector
current and thus provide valuable insights about the effective degrees of freedom. If, for
example, the observed new phase is the so called quarkyonic matter, where quarks are
still confined but chiral symmetry is restored [57], one would expect to see significant
changes in the dilepton invariant mass spectra. Naturally, as more insights are gained
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e.g. from the RHIC beam energy scan, new ideas and and possible better observables
will likely emerge. At the same time, it will be necessary to develop a theoretical
framework, which allows for a quantitative comparison with the data.

3.2. Strange matter and states

QCD is not confined to the light flavors which make up the matter of the Universe
as we know it. A very interesting question concerns the properties of matter where
one or more up or down quarks are replaced by strange quarks. Besides its theoretical
appeal this question has a direct impact for our understanding of objects like neutron
stars. For example, depending on the interaction of hyperons with neutron matter, it is
conceivable that the inside of a neutron star is made out of hyperon matter [58]. The
observation of single and doubly strange hyper-nuclei tell us already that matter with
strangeness is stable with respect to the strong interaction. But what is the limit of this
stability? Is it possible to have nuclei with more than two units of strangeness? Here
again heavy ion reactions especially in the energy regime accessible by FAIR provide a
unique tool.

It is by now well established that the final state in a heavy ion reaction is very
close to thermal. Thus all possible states are accessible, including “exotic” ones such
as multiply strange hyper-nuclei. To some extend this has been demonstrated by both
the STAR and ALICE experiment, where states such as the hyper-triton, 3 H, and anti-
helium, *He, have been observed in high energy collision [44, 45, 46]. In particular the
measurement of the 3 H, which is bareley bound by 2.39 MeV and has a A separation
energy of only 0.13 MeV, demonstrates that even the most weakly bound systems can
be observed in spite of the violence of the collision. In addition to hyper-nuclei these
reactions may also be used to test the existence of other objects, such as the Di-{) state
that has recently been predicted to exist by Lattice QCD calculations [59].

At FAIR energies the conditions are ideal for the production and observation of
hyper nuclei, or other multi-strange metastable objects (MEMOS) [60]. The energy is
sufficiently high to produce strangeness in abundance and, at the same time, it is low
enough so that the number of baryons at mid-rapidity is high. Thus the probability
for multiple strange quarks to attach themselves to baryon and thus a nucleus is rather
large. In addition, the available high beam intensity together with the capability of
CBM to take an unprecedented data rate allow for the detection of extremely rare states.
This environment is also well suited to clarify controversial issues like the existence of
anti-kaonic nuclear bound states.

Together with the PANDA experiment and advances in Lattice QCD which soon
will allow for the calculation of multi-strange nuclei at the physical pion mass, FAIR is
very well positioned to advance our knowledge of the strongly interaction matter with
strangeness. It will, therefore, not only help us to answer important questions about
strongly interacting many body systems in general, but also further our understanding
how the strong interaction controls the properties of astrophysical objects, such as
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neutron stars.
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Figure 7: Left: Dominant post-merger gravitational wave frequency, fpe.r as a function
of the radius R1.6 of a nonrotating neutron star with a gravitational mass of 1.6 My,.
Figure adapted from [61]. The three symbols and curves correspond to different total
binary masses. Right: Abundance of r-process nuclei produced in a neutron star merger

for different lifetimes on the merged neutron star before collapse. Figure represents
Fig. 4 of [62].

Beyond its importance for the understanding of fundamental properties of QCD,
the study of highly compressed nuclear matter is of high interest in the context of
astrophysics. The discovery of neutron stars with masses of about two solar masses
and, more recently, the observation of a gravitational wave from neutron stars merging
impose severe constraints on the nuclear EoS, since the appearance of hyperons softens
the EoS to an extent that such heavy neutron stars may collapse into black holes.
While the structure of neutron stars is governed by the EoS at small temperature,
present simulations of neutron star merges indicate that the shocks which eject the
matter relevant for the r-process reach temperatures of 7" ~ 100 MeV and densities of
several times nuclear matter density [63, 64, 65]. These condition are very similar to
those which are responsible for the collective expansion of the matter in heavy ion
collisions available at FAIR. Therefore, a comprehensive analysis of collective flow,
particle production etc within the aforementioned dynamical framework, which will
constrain the equation of state, informs the input simulations of neutron star mergers.
Of course the matter governing neutron stars and their mergers is more neutron rich
than the typical matter of a heavy ion collision. However, by selecting different collision
systems and possibly selecting events with a large isospin asymmetry in the pion sector
one may be able to study or at least constrain the leading isospin dependence of the
EoS. These measurements will then inform and constrain calculations of the neutron
star structure and hence complement the direct observation of neutron star radii with
improved resolution. Also, these measurements will provide important inputs for the
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simulation of neutron star mergers, which arguably are an important site for the r-
process, i.e. the production of heavy elements (see section 5). The sensitivity of the
dynamics of neutron star mergers to the EoS is shown in Fig.7. In the left panel we
show the dominant post-merger gravitational wave frequency, f,ear as a function of the
radius R1.6 of a non-rotating neutron star with a gravitational mass of 1.6 M,,,, for three
different binary masses. The effect of the EoS is encoded in the radius R1.6 such that
a stiffer EoS results in smaller R1.6 (for detail see [61]). On the right panel we show
the yield of r-process nuclei produced in a neutron star merger for different lifetimes of
the merged neutron star before collapse. This lifetime depends of the EoS and thus the
production of r-process nuclei depend, among other, also on the nuclear EoS (for details
see [62]). Therefore, in conjunction with the NUSTAR program FAIR will enable to
significantly advance our understanding of the origin of the elements.

3.4. The CBM experiment at FAIR

FAIR will provide primary beams from the SIS100 synchrotron with energies up to
29 GeV for protons, up to 11 AGeV for Au, and up to 14 AGeV for nuclei with
ZJ/A = 1/2. At this facility, CBM will be the leading project for carrying on the
nuclear collision program at SIS100, with well-defined upgrade options for exploiting,
when it will be available, the second FAIR accelerator, which will extend the energy
range to about 45 GeV per nucleon. Ten meters long, the CBM experiment will
measure both hadronic and leptonic probes with a large acceptance in fixed-target
mode. Its layout comprises a large-aperture superconducting dipole magnet and seven
subsequent detector systems providing tracking and particle identification. A forward
calorimeter and the Projectile Spectator Detector will allow measuring the centrality
and the reaction plane. Measurements will be performed in nucleus-nucleus, proton-
nucleus, and - for baseline determination - proton-proton collisions at various beam
energies (for an overview of the CBM experiment see [66]).

A particular challenging feature of CBM is its capacity to cope with the complex
event topologies typical for heavy-ion reactions at very high interaction rates of up to 107
collisions per second, which is three orders of magnitude higher than the rates reached
in other high energy heavy-ion experiments. The unprecedented high rate capability
of CBM combined with the high-intensity beams of FAIR will allow overcoming the
limitations in statistics suffered by current experiments. These features will provide
worldwide unique conditions for performing high-precision measurements of multi-
differential observables and of extremely rare diagnostic probes which are sensitive to
the dense phase of the nuclear fireball. The yields and flow of identified anti-baryons,
in particular multi- strange hyperons, intermediate-mass lepton pairs, and particles
containing charm quarks will allow a comprehensive study of QCD matter at the highest
net-baryon densities achievable in the laboratory to be performed.

To achieve this ambitious goal, rigorous R&D on innovative technologies for
detectors, electronics and data acquisition system with trigger-less electronics and
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shipping time-stamped raw data to an online computing farm was performed over the
last decade, with the emphasis on fast and radiation-hard detectors and electronics.
Owing to the large amount of raw data delivered by the CBM detector set-up, data
processing and event reconstruction will be performed in real-time. The rather complex
signature topology, which characterizes most of the rare key observables, does not allow
the use of conventional hierarchical trigger schemes. This necessitates very fast and
highly parallel algorithms, which reconstruct 4D event topologies (i.e., in space and
time), coping with the temporal event overlap at high rates. Therefore, online reduction
of the data rate by more than two orders of magnitude when running at the highest
interaction rates is mandatory. For the time being, the installation and commissioning
of CBM is planned during 2021-2024.

The physics programme of CBM will be enriched and complemented by systematic
studies of electron-positron pair emission from vector meson decays performed by the
upgraded set-up of the High Acceptance DiElectron Spectrometer HADES.

HADES[67] is a large acceptance fixed target experiment formerly designed to
investigate the virtual photon emission and the role of baryonic resonance decaying
into intermediate p-mesons and into final states with open strangeness at the energies
of the synchrotron facility SIS-18 of GSI[68].

Once upgraded and moved to the FAIR tunnel, HADES will share with CBM the
same SIS-100 beam up to kinetic beam energies per nucleon of 8 GeV thus bridging the
knowledge gap with SIS-18. Whereas, in the mass range in which both experiments are
sensitive, dilepton spectra will be measured independently thus minimizing systematic
uncertainties.

3.5. Outlook

The comprehensive understanding of the fundamental properties of QCD matter is
among the major scientific goals at the intensity frontier, where physicists use intense
particle beams and highly sensitive detectors to observe rare processes in search of new
phenomena.

In this context, the combination of the high-intensity beams of heavy-nuclei at
the forthcoming facility FAIR with the ”state-of-the-art” experiment CBM will provide
unique conditions for the study of the QCD phase diagram in the region of baryon-
chemical potentials larger than 500 MeV.

The very rich physics program of CBM covers the measurement, with unprecedented
precision and statistics at reaction rates up to 10 MHz, of multi-differential observables
and of rare diagnostic probes, such as multi-strange hyperons, charmed particles and
vector mesons decaying into lepton pairs, which are sensitive to the dense phase of
nuclear matter.

These data will allow CBM to successfully explore the onset of chiral symmetry
restoration and its effect on dilepton production, exotic forms of (strange) QCD matter
and the equation-of-state at condition close to those encountered in neutron star
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mergers.

4. Exotic nuclei and exotic beams at FAIR

On October 16, 1967, at the CERN laboratory in Geneva, the first dedicated experiment
to produce and study atomic nuclei with very unusual neutron to proton ratios was
performed [69]. This experiment became the beginning of a new era in nuclear physics
giving access to large numbers of earlier unexplored radioactive nuclei. The experiment
was named ISOLDE, an acronym for Isotope Separation On Line. In short, the ISOL
technique allows direct separation of radioisotopes, produced by irradiating a target
directly linked to the ion-source of an isotope separator. In this way one gets access to
isotopes with half-lives down to the millisecond region. The nuclei with very unusual
proton to neutron ratio are referred to as exotic nucler. The ISOL method has, over
its fifty years of existence, been developed into a very high level of sophistication and
is one of the leading experimental approaches for production and studies of nuclei over
broad regions, far out towards the proton and neutron driplines, of the nuclear chart.

The ISOL method was without real competition until the beginning of the nineties.
Then a new method to produce exotic nuclei was demonstrated at the Bevalac
accelerator at LBL in Berkeley. With energetic heavy ions, irradiating a light target,
it was found that the projectile fragments contained chains of new exotic nuclei. With
a Ca beam (at 220 MeV/u) one could, for example, produce 14 new neutron-rich
isotopes [70]. The first experiments using radioactive beams were performed at LBL
in 1985 with beams of radioactive Li isotopes with an energy of 790 MeV/u. The
measured interaction cross-sections showed a remarkable increase for the last bound Li
isotope, 'Li [71], an increase that soon was interpreted as the occurrence of a nuclear
halo structure [72]. The discovery of nuclear halos has had an unprecedented attraction
towards the entire field of exotic nuclei and radioactive beams [73].

Since then the ISOL and the heavy-ion production methods have, hand in hand,
developed into a worldwide undertaking. Today, when we write 2018, we dare to say
that there has never before, in the history of nuclear science, been such an intense effort
in constructing and building new or upgraded radioactive beam facilities. The future
FAIR facility is but one example.

One of the main pillars under the proposal for a major upgrade of GSI into FAIR
was the experimental programme that over the past 25 years has shown the uniqueness
of relativistic radioactive beams for investigations of exotic nuclei. FAIR will open the
door to new frontline experiments profiting from primary heavy ion beams with highest
energies and intensities up to the element Uranium.

4.1. Some highlights from 25 years of exotic beams at GSI

In the late eighties and early nineties there were hectic activities worldwide at the
laboratories where exotic nuclei could be produced. The halo hypothesis was in focus
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and scrutinised in different experiments that could give signals supporting the presence
of the new structure. Experiments at [ISOLDE, GANIL, Dubna, MSU and RIKEN
showed bit by bit the presence of halos in, for example, ®He, "'Be and 'Li.

A very timely coincidence was the start of the GSI high-energy programme allowing
to perform the first dedicated experiment to study light neutron-rich halo nuclei. It was
realised that performing experiments with Radioactive Ion Beams (RIBs) at relativistic
energies poses a number of challenges as well as advantages; the kinematical focusing of
the messengers from the reaction yields excellent solid angle coverage. Furthermore, the
heavy remaining fragments will leave the reaction vertex at almost the same velocity as
the incoming beam, permitting further tagging and characterisation.

Today, a quarter of a century later, we can look back on a string of different
experiments, over the entire region of the nuclear chart, where the uniqueness of the
RIBs has been the key to the success. It is also these experiments that have given
inspiration and guiding for the developments of new, modern equipment for the future
FAIR physics. We give here a few selected highlights from these experiments at GSI.

The first dedicated study of halo nuclei at GSI started in 1992. With a 340 MeV /u
HULi beam break-up reactions in C, Al and Pb targets were studied. The transverse and
longitudinal momentum distributions of the ?Li fragments were measured and the data
revealed the expected narrow width of the momentum distributions, which is a signal
of the large spatial distribution of the halo wave function [74].

The nucleus ''1Li is the last particle-bound Li isotope. Its lighter neighbour '°Li
is, however, unbound towards neutron emission. Even if '°Li is unbound it is still
of scientific relevance since it can be shown to possess clear and distinct quantum
properties. The most precise data have revealed a virtual s-state as ground state, with
a scattering length of a;,=-22.4 fm, and with an excited p-wave resonance at 0.566 MeV
(I'=0.548 MeV) [75].

The very exotic nuclear systems ?Li and '3Li could be shown to belong to the
family of unbound nuclei in an experiment where a 304 MeV /u "*Be beam was directed
towards a liquid hydrogen target for studies of the *H(*4Be,2pn)'2Li and 'H(**Be,2p)'3Li
reactions [75]. The relative-energy spectrum 'Li+n showed a virtual s-state, with a
scattering length of -13.7 fm, that could be identified as the ?Li ground state. This
result contradicts shell-model calculations and is one example of the disappearance of
N=8 as a magic number in the dripline region. Going one step further the 'Li+2n data
gave evidence for a resonance at 1.47(31) MeV, a resonance that will be on the agenda
for further investigations at the future FAIR.

The Borromeant nucleus °He has a very simple three-body structure, a+n+n, and
has been studied in a number of different experiments. In one of these experiments
the breakup of a 240 MeV /u ®He beam in carbon and lead targets was studied and the
inelastic nuclear and electromagnetic excitation spectra were obtained [76]. The deduced
E1 strength was found to exhaust both the energy-weighted cluster sum rule and the

1 A bound three-body system where none of the binary subsystems are bound is referred to as
Borromean.
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non-energy weighted one when integrating the strength up to 10 MeV excitation. The
non-energy weighted sum rule is related to the distance between the centre of mass of
the two neutrons and that of the whole nucleus and thus to the geometry of °He. From
the data the root-mean distance between the a core and the two valence neutrons could
be derived to be r,_9,=3.2 fm.

Another example of an unbound nucleus of special interest is the *Be, bridging the
gap between the deformed nucleus ?Be and the Borromean halo nucleus “Be, where
the structure is under debate. *Be (!?Be+n) has been found to have several excited
states, which decay by neutron emission to the ground state and also excited states
in ?Be. Complementary experiments in inverse and complete kinematics, populating
states in Be after neutron knockout from Be [77] and proton knockout from B
have been performed. An interesting low-energy structure with two overlapping broad
s- and p-states have been established but there are still open questions concerning, for
example, excited d-wave states.

By bombarding a carbon target with a "Ne beam at an energy of 500 MeV /u, a
rather remarkable discovery was made. It was found that the two-neutron knockout
channel showed a clear resonance structure, corresponding to the nucleus *Ne, which
was found to be unbound by 2.522(66) MeV [78]. This is the lightest observed
nucleus with isospin (7,7,)=(5/2,-5/2). The ¥O+p+p relative-energy spectrum and
the fractional energy spectrum showed that the °Ne ground state has a configuration
with the two protons in the (sd) shell with a 63 % (1s1/2)? component.

The lightest nucleus exhibiting two-proton radioactivity is *Mg, which for the
first time was produced in neutron knockout from a 450 MeV /u Mg beam [79]. This
experiment demonstrated the benefits of a measurement performed in-flight with precise
tracking of all fragments. A half-life of 4.0(1.5) ps and a @-value for two-proton emission
of 0.57(5) MeV were deduced from the data. A theoretical description of the data in
a three-body model with ""Ne®(7rds/2)? is debated since the "Ne is a loosely bound
nucleus with a possible two-proton halo structure, which naturally would give the
structure as a '°O core with the four protons in the (sd) shell.

One beautiful example on the production capacity of relativistic heavy ions is given
by an experiment utilising a 750 MeV/u #*®*U beam bombarding a Be target. The
produced fission fragments were analysed with the fragment separator FRS and the
production cross sections were measured. This led to the discovery of 58 earlier unknown
isotopes ranging from **Ca to '**Pd [80]. The location of the new isotopes in the chart
of nuclides is very interesting since they closely follow the expected r-process path. The
data also included the doubly-magic nucleus "®Ni, a nucleus that had been discovered
in an earlier experiment at GSI. Theory suggests that the double-magicity is preserved
for ™Ni ground state but also that a prolate band may be present at low energy.

The doubly magic nucleus '°°Sn was first observed as a particle-stable nucleus in
1994 in parallel experiments at GSI and GANIL. In a new experiment [81] performed
in 2012 the '°Sn isotopes were produced using a 1 GeV/u ?*Xe beam bombarding
a Be target. The produced Sn isotopes were implanted into a stack of silicon strip
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detectors surrounded by an array of gamma detectors. With a total of 259 produced
190Sn nuclei some very interesting results could be obtained. A half-life of 1.16(20) s
could be deduced from the time distribution of the decaying nuclei. Further a total
of five gamma lines, corresponding to transitions between states in '®In fed in the S+
decay, could be identified. The end-point of the S+ spectrum was found at 3.29 MeV.
From the data a log(ft) value of 2.62 was obtained, which is the smallest value for this
quantity found for any nucleus so far.

The nuclear equation of state (EoS) of neutron-rich matter is essential for the
understanding of many phenomena both in nuclear physics and astrophysics. The
electric dipole (E1) response of nuclei and, in particular, its dependence on the neutron-
to-proton asymmetry, is governed by the symmetry energy and its density dependence.
In an experiment the E1 strength distribution for the neutron-rich nucleus %*Ni [82]
was studied in a kinematically complete experiment in inverse kinematics. This was
the first demonstration of a measurement of the dipole polarisability for a neutron-rich
radioactive nucleus.

Precision mass and [ half-life measurements were performed with the storage ring
ESR. The relativistic radioactive isotopes were produced by projectile fragmentation
and fission reactions and then separated with the fragment separator FRS. They were
subsequently injected into the cooler-storage ring ESR. This powerful experimental
method gives access to all fragments with half-lives down to the sub-millisecond
range [83].

4.2. FAIR and exotic nuclei:
The instrumentation to pick the most exotic flowers in the nuclear landscape.

The vast experimental programme conducted at GSI during the past 25 years has
successfully demonstrated the power of secondary radioactive beams for studies of the
most exotic nuclear reactions and of nuclear structure all the way out to the driplines
and beyond. The possibilities offered at the new FAIR complex [84] is a real challenge
for the scientific architects designing the future equipments.

The heart of the FAIR installation is the SIS-100 heavy-ion synchrotron, which
will deliver ion beams of unprecedented energies, intensities and quality. The RIBs
used for the nuclear physics research are produced in fragmentation reactions in a
primary production target. The resulting cocktail of different energetic isotopes is then
separated to deliver a specific isotope, or several, to the experimental equipment. For
this a new fragment separator has been designed, a separator that can cope with the
high-energy and high-intensity beams, which may reach the energy region of around
1.5 GeV/u, and provide high separation power for elements up to Uranium (Z=92).
The fragment separator is equipped with superconducting magnets assuring an efficient
use of relativistic secondary beams characterised by a large phase-space. The new
fragment separator is equipped with a total of 33 focusing and correction multiplets
and it is referred to as the Super-FRS. The large acceptance of Super-FRS, together
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Figure 8: Layout of the nuclear physics RIB experiments at FAIR with the fragmentation
target, the Super FRS and the High-Energy, Low-Energy and Ring Branches (see
text). As indicated by the nuclear chart, exotic nuclei are crucial for astrophysical
nucleosynthesis processes: neutron-deficient nuclei for novae and x-ray bursters and
exotic nuclei with strong neutron excess for supernovae and neutron-star mergers. As
discussed in the next section, FAIR will allow to produce many of these exotic nuclei
and to determine their properties.

with the primary-beam intensities for uranium ions from the SIS-100, will result in a
gain in secondary-beam intensities of rare, radioactive isotopes of about three orders of
magnitude. There will also be a scientific programme directly linked to the Super-FRS;
search for new isotopes and investigations of rare decay modes like multiple-proton
or neutron emission, are planned. For the other exotic nuclear physics programmes
the Super-FRS can be said to be portal into the exotic nuclear landscape, since all
secondary beams used in the experiments have to be selected by and delivered from it.
From the Super-FRS there will be three individual beam lines to serve three different
experimental areas: (i) the High-Energy Branch, (ii) the Low Energy Branch, and (iii)
the Ring Branch (see Fig. 8).

The equipment used in the initial phase of the high-energy programme has over the
years developed into a broad generic programme for physics at the driplines. Based on
these experiences a dedicated setup for studies of reactions with relativistic radioactive
beams of the FAIR brand is under development. The new equipment to perform
kinematically complete measurements in inverse kinematics will be built up at the High
Energy Branch. Priority is given towards high efficiency, acceptance and resolution.
Important ingredients in the experimental setup are a new powerful dipole magnet and
a high efficiency array of neutron detectors. A very interesting novel detector, based on
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scintillation crystals, will surround the reaction target. It will act as a total absorption
gamma-calorimeter and spectrometer, as well as a spectrometer for charged particles
from the target residues. Around these backbone instruments there will be all necessary
detectors for particle identifications. The entire setup will be a major ingredient in the
future experimental programme at FAIR and will become, in its final design, a facility
within the facility,

At the low-energy branch from the Super-FRS beams in the energy range 100-
300 MeV /u will be available. There will be three different approaches to study exotic
nuclei in this experimental hall. The first has a large array of Ge detectors for in-
flight gamma spectroscopy, charged particle detection and lifetime measurements with
plunger techniques. The second option is based on stopping the RIBs for decay studies
in a stack of a highly segmented silicon-based detector array, surrounded by a compact
Ge array, neutron detectors, fast BaFy detectors and/or a total absorption gamma ray
spectrometer. Finally, measurements of nuclear ground-state properties like nuclear
masses, spins, moments and isotope shifts will be performed in regions of the nuclear
chart where the ISOL technique have limited production. This is for example the case
for neutron-rich refractory elements. The mass measurements will use Penning-trap and
Multi-Reflection Time-of-Flight techniques. A relative mass precision of AM/M=10"°
is expected to be reached by employing highly-charged ions and a non-destructive
Fourier-Transform-Ion-Cyclotron-Resonance (FT-ICR) detection technique on single
stored ions. Collinear laser spectroscopy on ions, optical pumping and collinear laser
spectroscopy on atoms and S—NMR are among the atomic physics techniques foreseen
to provide nuclear structure information about the produced exotic nuclei.

At the Ring Branch new experiments are planned with the aim to measure the
masses and the lifetimes of exotic nuclides out to the driplines, using Isochronous Mass
Spectrometry for investigations of short-lived nuclear species. A future perspective is to
investigate exotic nuclei in light-ion scattering at intermediate energies using an internal
target in the HESR ring. The reactions will be performed in inverse kinematics by using
a universal detector system providing high resolution and large solid angle coverage in
kinematically complete measurements located around the internal gas-jet target.

4.3. Experiments during the first years of FAIR

With the new and improved experimental equipment developed for FAIR is now up to
the research groups to select front-line experiments using the offered radioactive beams.
The challenge is to show the finger tip feeling for what can give an early scientific output.
At the same time we need to use the early phase of beam-time to test and fine-tune
the experimental equipment. The marriage between the two will lead to success. We
show in Fig. 9 some examples of hot subjects in different regions of the nuclear chart
and below are some examples on what one might expect.

e The higher intensity at FAIR will advance the understanding of the structure at
the neutron dripline by giving access to heavier halo nuclei and to unbound nuclei,
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maybe more than three or more mass numbers outside the stability line. Only
Nature knows what exotic combinations of protons and neutrons have interactions
strong enough to be classified as unbound resonances.

e The 3" r-process peak by means of comprehensive measurements of masses,
lifetimes, betas-delayed neutrons, dipole strength, and level structure along the
N=126 isotones.

e As specific case the possible tetraneutron resonance is one of the challenges where
one finally might get an answer. A high “H yield in combination with the very
efficient four-neutron efficiency expected with the new neutron detector array will
maybe provide these long-awaited experimental data that could shed light on this
problem.

e It has been shown experimentally that the last bound oxygen isotope is 22O, an
isotope which also has been shown to be doubly-magic. The expected doubly-
magic nucleus 20 (Z=8, N=20) is unbound, but since shell model calculations,
derived from microscopic NN forces, would predict it to be bound it would be
highly interesting to get data for this unbound nuclear resonance. A broad study
of the chain of the unbound oxygen isotopes 2*~220 will be very interesting, in
particular since there is a claim of the occurrence of two-neutron radioactivity for
the unbound isotope 2¢0.

e With the high energy the full dipole response for halo nuclei will be possible. As an
example the data for °He, limited to energies up to about 10 MeV, would go into the
region above the minimum at 20 MeV predicted in exact six-body calculations [85].

e Quasi-free one-proton knockout reactions (QFS), (p,2p), [86] and (p,pN) [87] in
inverse and complete kinematics have recently been demonstrated as a powerful tool
for systematic studies. QFS studies will certainly be extended over large regions of
the nuclear chart at the future FAIR, from the stable nuclei out to the driplines.

e EoS of asymmetric matter by means of measuring the dipole polarisability and
neutron skin thicknesses of tin isotopes with N larger than 82.

4.4. Qutlook into the exotics

With 50 years since the start of ISOLDE at CERN and 25 years since the start of the
high-energy programme at GSI it is tempting to just state that in 25 years we are just
preparing for the next giant step of new developments. But, as we have seen, the roads
of science are definitively not easy to predict, as the science of exotic nuclei have given
examples on.

So, let us instead dream; in 25 years the experimental equipment for studies of the
most exotic nuclei has been completed at FAIR by finally taking the ELISe (Electron
Ton scattering in a Storage ring, eA-collider) [88] experiment into operation, which will
make use of a clean, purely electromagnetic probe, the electron, in conjunction with
exotic radioactive beams. This new device was strongly supported by major grants
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Figure 9: The many opportunities for nuclear physics with RIBs at FAIR.

from several funding agencies after the memorable event in Stockholm on December 10,
in the year 20XX, where three of our present students were addressed by “For their
discovery of... made possible by the ingenious use of radioactive nuclear beams...”.

5. FAIR - a new era in nuclear astrophysics

Nuclear astrophysics aims at understanding the origin of the elements in the Universe.
This goal is intimately related to the quest to apprehend the structure and the dynamics
of the various astrophysical objects and processes which produce them. It is not
surprising that nuclear astrophysics is truely interdisciplinary. Hence progress in
deeper understanding the secrets of the universe combines astronomical observations
and astrophysical modelling with advances in nuclear physics. However, it have been
the insufficient knowledge and the uncertainties of the nuclear ingredients which often
limited the desired progress. This has mainly two reasons: 1) It is often impossible to
determine the nuclear ingredients directly in the laboratory under the conditions present
in the astrophysical environment. Thus nuclear modelling is required which should,
however, be based on reliable models and be constrained and guided by experimental
data as much as possible. 2) The nuclei involved in the astrophysical processes, and
often crucial for the dynamical evolution, are often short-lived isotopes with significant
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neutron deficiency or excess compared to their stable counterparts. These nuclei
have to be artificially produced in the laboratory, called RIB facility, and frequently
novel techniques and instrumentation have to be developed and employed to study
their properties. We will show below that the unique combination at FAIR - high-
energy primary beams from the SIS100, identification of pure secondary beams by the
SuperFragment Separator and the suite of storage rings and instrumentation - will allow
access to many of these short-lived nuclei, often for the first time, and in this way pushing
the frontier of knowledge deeper into the yet unexplored regions of the nuclear chart (see
also chapter 4). Despite these exciting possibilities, FAIR is more than a RIB facility,
as also the APPA, CBM and PANDA experiments offer unique perspectives to advance
our knowledge of astrophysical objects like core-collapse supernova and neutron stars
(see chapter 2-4). Hence FAIR is the Universe in the Laboratory.

The last two decades have witnessed that the mantra - progress in nuclear physics
implies deeper understanding of the Universe - is indeed true. Much of this progress is
related to stable beam facilities and improved instrumentation. A prominent highlight
is the solution to the ’solar neutrino problem’; i.e. the deficiency of observed neutrinos
from the Sun compared to those expected on the basis of the solar models [89]. Here
advances in solar modeling (e.g. [90]), but also decisive experimental and theoretical
progress in determining the solar cross sections of the relevant nuclear reactions [91]
has turned the Sun into a calibrated neutrino source for studies of neutrino physics
beyond the standrard model. There has been also significant progress in reducing the
uncertainties related to the operation of the two key reactions in hydrostatic helium
burning (triple alpha-reaction, 2C(c,)'®0) in red giant stars and hence in determining
the abundance ratio of carbon and oxygen, i.e. the building blocks of life, in the Universe
[92]. There are, of course, still challenges left for stable-beam facilities as improved
cross section measurements of the key reactions of advanced hydrostatic burning stages
(carbon, oxygen, silicon burning) and of the neutron sources for the s-process, which
produces half of the elements heavier than iron, are eagerly waited for. However, with the
emergence and prospect of RIB facilities or multi-purpose facilities like FAIR, it becomes
possible to experimentally study or constrain relevant nuclear physics required for a
deeper understanding of the structure and dynamics of exotic astrophysical objects like
supernovae, individual and merging neutron stars and x-ray bursters. In the following
we will concentrate on how FAIR will contribute to start a new era in our understanding
of these exotic astrophysical events. This is extremely timely as these events are all in
the focus of intensive current and future astronomical and space observations, with
the discovery of gravitational waves and the accompanying electromagnetic signal from
merging neutron stars as a very recent and prime example.

5.1. Supernovae

Supernovae are the final fate of massive stars triggered by the collapse of its inner core
against its own gravity after this core - initially composed of the nuclei in the iron-nickel
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mass region with the highest nuclear binding energy per nucleon - has run out of nuclear
fusion as its energy source [93, 94|. The supernova explosion expells the outer shells
of the star, including the nuclei produced during its long life of hydrostatic burning,
into the Interstellar Medium where this matter can become birth material of future
star generations, planets, ... and life. In the very hot environment of the explosion,
nucleosynthesis can occur on short timescales. In the center of the supernova a neutron
star with about 1.5-2 M, is born.

Obviously reliable simulations of supernova explosions and nucleosynthesis are a
prerequisite for any quantitative and consistent understanding of the origin of elements
in the Universe. This dream is likely to come true now. On the one hand, due to
advances in computer hard- and software we are at the eve of the realistic 3-dimensional
simulations, reliably accounting for convective matter flow, plasma instabilities and
neutrino transport which have been identified as crucial drivers of the explosion
mechanism [96, 97]. On the other hand, RIB facilities and in particular FAIR will
decisively improve the nuclear physics input required in the simulations. These are:

a) Electron captures on protons in nuclei are the dominant process during
the collapse [98]. Data from charge-exchange reactions and large-scale shell model
calculations have impressively reduce the uncertainty of the capture rates on the nuclei in
the iron-nickel mass range (which dominate the early core composition) from more than
an order to magnitude to better than a factor 2 [99, 100, 101]. At later collapse stages
heavier and more neutron-rich nuclei dominate. It has been shown that, in contrast to
earlier belief, sizable electron capture also occurs on these nuclei by allowed Gamow-
Teller transitions made possible by multi-nucleon correlations across shell gaps [98, 103].
The quantitative strength of this unblocking is yet insufficiently known, in particular for
the neutron-rich nuclei with magic neutron numbers N=50 (and 82). Ultimatively the
GT strength can be directly measured for nuclei like 82Ge in charge-exchange reactions
in inverse kinematics and, at FAIR, exploiting the storage rings ESR and HESR. Indirect
information helps as well. This can be obtained by determining the occupation numbers
of the various shell-model orbitals by transfer reactions, performed in the storage rings,
by the R3B experiment or by nuclear spectroscopy studies.

b) The collapse comes to a halt when the inner core (of roughly 0.5 M) reaches
densities at or above 2 x 10 g/cm?, the equilibrium value of nuclear matter. At the
edge of this inner core a shock wave is created which travels outwards and initiates,
supported by neutrino energy transport, plasma instabilities and convective flow, the
explosion. The energy, which is transfered to the shock wave depends strongly on the
nuclear Equation of State (EoS).

At FAIR, the EoS will be explored in ultrarelativistic collisions in which a high-
intensity, high-energy beam of heavy ions is impinged on a fixed target and creates,
for a short time, a hot fireball of nuclear matter, where energy is transferred into the
generation of pairs of short-lived particles. Due to their relatively long mean free paths,
di-lepton pairs are well-suited probes to study the properties of the fireball matter.
This is achieved by the FAIR detectors HADES and CBM, where CBM due to its
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unprecedented event rate capabilities will also observe rare probes like particles with
charm quarks created in the fireball [104]. HADES has already been successfully
exploited in heavy-ion runs at GSI/SIS18, delivering primary results on potential
modifications of resonances embedded in the nuclear medium [105].

The other approach, by which FAIR will contribute to the understanding of the EoS
at supernova conditions is based on the observation of the dipole strength distribution
in neutron-rich nuclei [106]. The symmetry energy is a crucial ingredient of EoS for
asymmetric nuclear matter and hence for the neutron-rich conditions encountered in
supernova explosions. It has been shown that the symmetry energy scales with the
dipole polarizability and the difference between nuclear mass and charge radii [107].
These radii for short-lived nuclei can be measured indirectly in collision experiments
and, at a later stage of FAIR, by electron scattering, respectively. The dipole strength
distribution is a key observable of the R*B experiments by means of Coulomb excitation.
In nuclei with neutron excess noticeable dipole strength is shifted from the giant dipole
resonance to lower energies. This low-lying strength (often called pygmy strength) is
also sensitive to the symmetry energy. At R3B this route will be followed, studying the
pygmy dipole strengths.

c) Matter is ejected from the hot surface of the freshly born neutron star as free
protons and neutrons, which, upon reaching cooler regions, are assembled to nuclei.
The resulting abundance distributions depend strongly on the ratio of protons and
neutrons, which is set by interactions with neutrinos and antineutrinos streaming out
of the neutron star and depend sensitively on the neutrino energy distributions and
luminosities. Due to current understanding, the ejected matter is proton-rich at early
times and slightly neutron-rich at later times giving rize to the vp process [108, 109] and
a weak r-process, which produces r-process elements only up to the second abundance
peak at A ~ 130, respectively. The short-lived nuclei involved in these processes can
be generated at FAIR and other RIB facilities and their properties (i.e. masses (see
Fig. 10), half-lives, capture cross sections) will be determined. Here the storage rings
at FAIR are a special asset allowing reaction studies in inverse kinematics.

5.2. Neutron stars

Neutron stars are genuine ’exotic’ objects with masses upto 2 My and radii of about
12-15 km. Binaries of neutron stars rotate around each other on spiral orbits [110].
Their final merging is a powerful source of gravitational waves and also a source of the
heaviest elements in the Universe via the r-process (see below).

All four experimental FAIR collaborations will advance our knowledge about
neutron stars and neutron star mergers. The surface of the neutron star can be the
source of tremendous electromagnetic fields, with exciting impact on the structural
forms of matter (e.g. [111, 112]). In the FAIR storage rings it is possible to generate
such extreme electric field strengths between ions passing each other at velocities close
to the speed of light and to study electron dynamics and correlations (SPARC/APPA



All the Fun of the FAIR 30

Masses measured at GSI 2
with FRS-ESR _— - n
L]
82 _—
| ]
stable nuclei = n r-process
Ll path
J L}
a L] am
-
gl 126
mm L]
L] am
50 =
rp-process .:! - Will be measured at FAIR
path == with Super-FRS-CR
L]
e
L
28
nuclides with
known masses
20 50

20
8
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collaboration, see chapter 6). The crust of the neutron star is composed of individual
nuclei. With increasing density it is energetically favorable to capture electrons by
nuclei which in this beta equilibrium become hence increasingly neutron-rich. The
crust composition is then determined by the masses of neutron-rich nuclei which will be
produced and measured at RIB facilities, including the NuSTAR collaboration at FAIR
(see chapter 4). Going deeper into the neutron star, electrons will be replaced by muons
and also hyperons are mixed into the composition. The PANDA collaboration has the
exciting perspective to produced A and AA hypernuclei with unprecedented rates and
to advance our knowledge of the AN, AA and ANN interactions (e.g. chapter 2). In the
inner neutron star core, where densities of a few times the equilibrium value of nuclear
matter are expected, the form of matter and its composition is largely unknown. Nuclear
matter at such extreme densities, although at somewhat higher temperatures than in
neutron stars, can be probed by the CBM experiment using ultrarelativistic heavy-ion
collisions (see also chapter 3). The data obtained by CBM and other relativistic heavy-
ion collision experiments constrain also the nuclear EoS at the high temperature/high
density conditions needed for neutron star merger simulations.

5.3. R-process nucleosynthesis

About half of the elements heavier than iron and all transactinides in the Universe are
produced by the astrophysical r-process by a sequence of rapid neutron captures and beta
decays. The process occurs in an environment with extreme neutron densities, as they
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Figure 11: Halflives of r-process nuclei with neutron number N = 82 measured at
RIKEN [114] compared to earlier data from CERN/ISOLDE and to predictions from
large-scale shell model calculations [118].

are encountered in merging neutron stars and core-collapse supernovae, where the latter
will likely only contribute to the synthesis of the lighter r-process nuclei up to the mass
range A ~ 130 (second r-process peak). The nuclei on the r-process path are all short-
lived and have such large neutron excess that most of them have not yet been produced
in the laboratory. Hence their properties have to be modelled introducing significant
uncertainties into r-process simulations. This situation will drastically improve once the
next generation of RIB facilities is available.

The most important nuclear properties required for r-process simulations are
neutron separation energies (masses) which, for given environment conditions, determine
the nuclei on the r-process path and beta half-lives which influence the dynamics of
the process. Neutron captures become relevant once the process stops to operate in
(n,y) <> (v,n) equilibrium. For the r-process occuring in neutron-star mergers the
matter flow carries significant amout of material into the range of superheavy neutron-
rich nuclei which decay by fission (and alpha decay) requiring knowledge of fission rates
and yields including the number of neutrons set free during the fission process.

The importance of experimental data for r-process simulations has recently been
impressively demonstrated by a campaign at RIBF in Riken which determined the half-
lives of many lighter r-process nuclei, including a few for the waiting-point nuclei with
magic neutron numbers N = 82 (Fig. 11), with significant impact for the dynamics of
r-process simulations and abundance productions [114]. For the waiting point nuclei
in the third r-process peak at A ~ 195, associated to the magic neutron number
N = 126, no data yet exist. This regime will be accessible at FAIR, made possible
by its high-energy, high-intensity primary beams and the Superconducting Fragment
Separator. The measurements will additionally profit from the storage rings which,
for example, allow precise mass determinations by Schottky frequency measurements.
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Figure 12: (left) Kilonova lightcurve predictions from r-process simulations in a neutron-
star merger scenario using two different nuclear mass sets. (right) Comparison of he
observed lightcurve of the NS merger GW170817 (red dots, [117]) compared with the
prediction (blue line, [116]). As the lightcurve is produced by an ensemble of decaying
nuclei, it follows a power law rather than an exponential as is typical for supernovae
lightcurves, which are dominated by the decay of an individual nucleus at a time.

Half-life measurements for r-process nuclei at and close to the N = 126 magic neutron
number are crucial, as they have not only impact on the abundances in the third r-
process peak, but also regulate the mass-flow to heavier nuclei which either fission or
decay by a emission [115, 116]. In the neutron-star merger scenario fission of these heavy
nuclei produces the second r-process peak around A ~ 130. Furthermore, a decay
is the potential source of the lightcurve (see Fig. 12) which, for so-called kilonovae,
has served as the direct observable for active r-process nucleosynthesis in neutron-star
mergers [116]. Theoretical studies have recently argued that forbidden transitions will
contribute significantly to the half-lives and will also have considerable impact on the
beta-delayed neutron emission rates. These and half-life measurements of N = 126
r-process nuclei will be possible exploiting storage rings, but also by targeted gamma-
spectroscopy campaigns. First data are expected already from experiments planned for
the FAIR Phase-0 program.

5.4. Qutlook

25 years ago, the ’solar neutrino problem’ constituted one of the major challenges in
nuclear astrophysics, also caused by uncertainties in the cross sections of the solar
hydrogen reactions. The problem has been solved after SNO and other solar neutrino
detectors have confirmed neutrino oscillations and simultaneously the validity of the
Standard Solar Model. Furthermore, cross section measurements of the reactions
involved in solar hydrogen burning performed at the underground facility LUNA or
with improved instrumentation and shielding have reduced the nuclear uncertainties to
a level to turn the Sun into a calibrated neutrino source which can be used to explore
particle physics beyond its standard model.

What can we expect in 25 years once the scientific harvest at FAIR and the next-
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generation RIB facilities comes to fruit?

e The direct observation of gravitational waves from compact astrophysical objects
belongs to the major recent breakthroughs in science. FAIR will advance our
understanding of the Equation of State of dense and hot matter and, together with
progress in multidimensional simulations, holds the prospect to exploit gravitational
wave signals from such events for searches of new physics.

e The RIB facilities will replace theoretical model data by experimental facts for most
of the nuclear physics input required for simulations of the astrophysical r-process.
This will reduce the nuclear uncertainties to a level that simulations become such a
stringent constraint to allow for detailed analysis of merging neutron stars, which
have been shown to be the site of the r-process, solving one of the millenium
questions (i.e. how are the elements from iron to uranium being made) as put
forward by the US National Research Council (see Discover Magazine, February

2002).

e Observation of time-resolved supernova neutrino spectra by earthbound detectors
will check and advance our understanding of the supernova explosion mechanism.
Furthermore it will constrain the initial proton-to-neutron ratio which is a key
ingredient for the associated explosive nucleosynthesis. Provided the nuclear input
has been measured, the nucleosynthesis studies can be turned into measures of the
dynamics and properties of the environment on top of the freshly born neutron
star.

We are bound in the coming years to unravel many mysteries related to
matter at its extremes in astrophysical objects, made possible by the triad of novel
astronomical observation, advanced astrophysical modelling and experimental (and
improved theoretical) excess to exotic nuclei at FAIR and elsewhere. Obviously we
are at the eve of a new era in nuclear astrophysics.

6. FAIR - Atomic physics from microkelvin to petakelvin

With the development of accelerators and ion sources that happened in the last 40 years,
new possibilities have opened up for atomic physics, which have allowed to explore
many uncharted territories. With the successive help of machines like Van de Graff
to the most advanced storage rings, it has been possible to study few-electron ions
from light elements to uranium. In parallel the developments of Electron-Beam Ion
Traps (EBIT) and Electron-cyclotron Resonance Ion Sources (ECRIS) have also lead
to advances in the field. We have now tons of measurements for transition energies,
line intensity ratios, transition rates, hyperfine structure and Landé g-factors, for all
ions up to hydrogenlike uranium. This quest to measure all these atomic parameters, in
relatively simple systems, has been fed by one very important and fundamental physics
goal: test bound state QED (BSQED) in a variety of conditions. Even with such a long
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history, which started back in 1947 with the seminal experiment of Lamb and Retherford
[119], there are many issues still to address in bound state QED.

One can think, e.g. of the unsolved, 8 years old, proton size puzzle [120, 121], with a
7o discrepancy between the proton charge radius derived from the Lamb shift in muonic
hydrogen and the average of all the measurements in normal hydrogen (for a different
view, see e.g. Ref. [122]). This problem, which now extends to the deuteron [123], is a
reminder that BSQED is not fully understood. The situation has not become clearer,
as a new measurement of the 25 — 4P transition in hydrogen [124], provides a proton
size in agreement with the muonic hydrogen value, while an improved measurement of
the 1.5 — 3S transitions is in agreement with the hydrogen world-average value[125].

More recently the simultaneous measurement of the hyperfine structure of the
ground state of hydrogen-like and lithium-like bismuth at GSI [126] has shown a 3¢
deviation from the expected value.

Yet, even after so many years of measurements of transition energies in the medium
and high-Z region, there is still a strong need of more accurate measurements. If one
looks at n = 2 — n = 1 transition energies in one and two-electron ions, for example,
there are only 4 and 5 measurements respectively, with accuracy below 10 ppm in the
Z > 10 region (Figs. 13). Moreover, one can see that high-precision measurements are
available only for medium-Z ions. The most precise high-Z measurement is for uranium
with a 41 ppm accuracy [127]. The situation is comparable for the 2p — 2s transitions
in lithium-like ions.

The need to have more accurate measurements at high-Z originates in the fact that
relativistic and QED effects scale as high powers of Z. For example the self-energy scales
as Z* while the non-relativistic energy scales only as Z2. The speed of the 1s electron
in an atom is aZ, where a ~ 1/137.036 is the fine structure constant. Going from
hydrogen to uranium thus corresponds to a speed varying from 0.7% of the speed of
light to 66 %), which explains the strong enhancement of relativistic effects. At the same
time, the nuclear electric field close to the nucleus becomes comparable to the Schwinger
pair creation limit, which implies a possible breakdown of perturbation theory. In order
to find possible systematic Z-dependent deviations with theory, there is a need for much
better measurement accuracy at very high-~2.

The other reason to study QED at high-Z is connected to the fact that for
Z — 1/a =~ 137, the point nucleus Dirac equation solution energy for the 1s level,
Eis = mc?\/1 — (Za)? becomes singular. When taking into account the volume of the
nucleus, what actually happens is that the 1s level energy becomes lower than —mc?,
and dives into the negative energy continuum for Z ~ 173. This should lead to the
creation of electron-positron pairs (sometimes called decay of the vacuum) [128, 129].

The study of such qualitatively novel effects can be extended to quantities other
than energy, e.g. hyperfine structure, to test QED in ultra-high magnetic fields, or
Landé g-factors. Combining measurements of these different operators is also important
to acquire a better understanding of the nucleus-electron cloud interaction (see, e.g.
[130]). Moreover accurate measurements in a wide range of Z can lead to new methods
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Figure 13: Histogram of all the measurements of the n = 2 — n = 1 transition energies
in hydrogenlike (left) and heliumlike ions (right) since 1970 as a function of accuracy
and atomic number.

for the determination of the fine structure constant [131, 132] or electron to proton mass
ratio [133, 134].

The physics that can be potentially impacted by precision experiments on atoms
in general, on exotic atoms, or on highly-charged ions is not limited to tests of QED.
The most obvious case is astrophysics. For example experiments on highly charged ions
were necessary to solve the puzzle of the intensity ratios in Ne-like iron ions observed in
astrophysical plasmas [135]. In the same way, laboratory measurements [136] provided
a simple explanation of the 3.5keV x-ray lines observed with the XMM-Newton space
x-ray telescope [137, 138], proposed as possibly due to the decay of dark matter particle
candidates.

There are nowadays many issues, which require new directions of research to find
new ways of testing the standard model and its extensions. For example, after several
years of LHC research, and the discovery of the Higgs boson, there are still no traces of
supersymmetric particles nor candidates for dark matter. Direct search for dark matter
particles has not been more successful either. The recent simultaneous observation of a
two neutron-stars merger with gravitational waves, gamma rays and visible and infrared
light has put severe constraints on dark energy models. A better understanding of QED,
of the structure of the vacuum or deviations from theory that could be connected to
new interactions, would help sorting out some of the issues involved. There is thus a
need, stronger than ever, to explore new sectors of physics, at lower energy, providing
high-precision measurements where new physics could be observed.

There is at the moment only one facility in construction able to achieve some of
these physical goals - FAIR. Super EBIT facilities have produced bare or few-electron
uranium ions. Yet they did not allow making accurate measurements of n =2 - n =1
transitions [139] or even of 2s — 2p transitions for two-electron ions [140]. Only high-
energy storage rings have the capacity to produce few electron heavy elements like
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uranium ions in large enough quantities for precision spectroscopy. For more than two
decades, the GST ESR (experimental storage ring) has provided such very heavy element
beams (gold, lead, bismuth, uranium), from bare to Li-like ions. FAIR [141, 142, 143] will
extend the possibilities further. The facility will provide higher energy beams that can be
used directly or stored, cooled and decelerated. While the ESR ring will still be available,
it will be complemented by two rings, the HESR (high-energy SR) and CRYING, a low-
energy ring, previously in Stockholm, that can be fed highly charged very heavy ions
[144]. At FAIR, using the HITRAP beam line [145, 146], it will also be possible to
decelerate ions even further, and store them in cryogenic Penning traps, allowing for
high precision measurements with ions cooled at cryogenic temperatures. In the future,
such ions could even be cooled to pK temperature by sympathetic cooling. This opens
up new possibilities for high-precision measurements, including heavy ion-based atomic
clocks, very insensitive to external perturbations because of the high binding energy
of the electrons concerned [147, 148]. Such frequency standards would allow for very
fundamental tests on, e.g., fundamental constants drifts [149].

Some parts of the FAIR facility, like CRYRING or HITRAP are already installed
and in the commissioning stage and new experiments will start in 2018. One of the
most difficult aspects of doing precision measurements on high-energy storage rings is
connected to the Doppler effect. The new facility will benefit from new possibilities to
measure the speed of the ions by using PTB-callibrated high-voltage dividers, which will
allow to measure the cooling electron speed, and thus the ion speed to 10 ppm accuracy
[126, 150].

With its collection of beams, storage rings and traps, the FAIR facility will allow to
perform a variety of experiments with improved accuracy and statistics. The variety of
methods possible will allow for cross-check of different results in a way that was never
possible before.

The first method that will be improved is the measurement of transition energies
using resonant coherent excitation in crystals. The high energy beams available at
FAIR will allow to extend the range of transition energy measurements to much heavier
elements, with transition energies up to 100 keV. The recent improvement of this method
with 3D-RCE will allow for simpler measurements [151].

The use of CRYRING [144], which will allow to use strongly decelerated beams,
will lead to improved measurements of transition energies, with smaller errors due
to the Doppler effect. It will improve measurements of transition energies using
electron capture in the cooler, as performed at ESR in the past[127, 152]. The control
of the Doppler effect in CRYRING for this method will also be improved, since it
will be possible to align the detectors exactly at 0° and 180°. Moreover the use of
microcalorimeters will allow to improve the resolution compared to Ge detectors by
more than one order of magnitude [153, 154].

The use of crystal spectrometers at the gas target of CRYRING will also benefit
from the lower beam energy and improved energy measurement. It will be possible to
use both reflection-type crystal spectrometers for low-energy x-rays [155] and Cauchois-
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type transmission spectrometers like FOCAL [156, 157] to cover the range from a few
keV to 100 keV.

Finally the use of dielectronic recombination with the electrons of the coolers will
also allow for precise measurements of transition energies, and compare different isotopes
very precisely[158], including short-lived radioactive ones [159].

It should be noted that the high-precision QED tests considered here depend
considerably on our understanding of a variety of nuclear effects, the shape and size of
the charge distribution, the nuclear polarization or the magnetic moment distribution
when hyperfine structure is concerned. This would mean that complementary studies,
for example with muonic atoms must be conducted in parallel to improve the quality of
nuclear properties knowledge (see, e.g. Ref. [160]).

Laser spectroscopy will also be a major line of research at FAIR. Laser cooling at
SIS100 will allow to provide cooled high energy beams [161] and provide high-accuracy
spectroscopy of lithium like ions. The spectroscopy of hyperfine structure transitions in
one and three-electron ions, of the kind mentioned in the introduction is going to remain
a major endeavor for the new facility, in order to understand the discrepancy reported
in Ref. [126]. There are also transitions between metastable states of few electron-ions
that can be studied with laser spectroscopy (see, e.g. Ref. [162]).

With the HITRAP facility a whole new way to perform QED tests will be
possible. The HITRAP facility [146] will provide the low-energy beams that can be
used in a variety of experiments with trapped ions. The ARTEMIS experiment will
allow to perform laser and microwave double-resonance spectroscopy, yielding g-facors
and nuclear magnetic moments. The SpecTrap will allow to measure the hyperfine
structure of highly-charged ions by laser spectroscopy. The ions will be cooled to nK
by sympathetic cooling with Mg*t, allowing for an unprecedented accuracy. In the
future, the implementation on HITRAP of the latest advances in mass measurement
techniques in Penning traps, that have allowed to measure the mass of the proton to a
relative accuracy of 2.89 x 107!, will allow measurements of the total mass of highly
charged ions with a few eV accuracy. Comparing the mass of bare, hydrogen-like or
helium-like heavy ions would directly yield binding energies. There are many other
tests of fundamental physics that could be performed, like, e.g. parity-non conservation
experiments in helium-like ions [163, 164].

FAIR will help to achieve significant advances in our understanding of the vacuum
decay and on the structure of super-heavy atoms. It was found many years ago that
to derive the binding energy of a compound nucleus through quasi-molecular x rays in
a collision, one had to have a projectile with at least one K hole (see, e.g. Ref. [165]).
This was demonstrated for the first time on CI'* on Ar collisions [166]. It requires first
accelerating low-charge ions to high energy to produce the bare or hydrogen-like ion,
and then to decelerate them down to energies around the Coulomb barrier to observe
the quasi-molecular x-rays. The detection in coincidence of the x rays emitted by the
collision of the highly-charged ion with an atom of a target in a storage ring, and of
the recoil ion to obtain the impact parameter will allow to obtain the 1s binding energy
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of any compound nucleus in such a collision. Preliminary tests on Xe®** on Xe have
been performed at the ESR [167]. One of the main difficulties will be to design targets
compatible with insertion in a storage ring to allow for cases like U'* on U collisions.

In conclusion, the start of the FAIR facility will provide many new opportunities
to develop highly-charged ion physics, for both tests of fundamental theories, and
applications to other fields of physics like astrophysics. Many more opportunities that
could be accounted for here will become possible as and when the different facilities will
become available.

7. Low-energy antiprotons at FAIR

From early on in the development of FAIR it was recognized that with the existing FAIR
storage rings also a facility for low-energy antiprotons can be created [168] that would
supersede the at that time existing facility, the Antiproton Decelerator at CERN [169],
in intensity and lowest energy. Thus the idea of FLAIR, the Facility for Low-energy
Antiproton and Ion Research, was created in 2005 [170]. When FAIR was started,
however, FLAIR was not included into its phase 1 that is currently under construction.

Originally FLAIR was designed to use the new NESR storage ring to decelerate
antiprotons and consisted of two dedicated storage rings LSR and USR and the HITRAP
facility. For the Low-energy Storage Ring LSR, CRYRING was chosen, while the
electrostatic Ultra-low energy Storage Ring USR is a new development similar to the
Cryogenic storage Ring CSR [171] which in the mean time was realised at MPI-K
Heidelberg. The core features of FLAIR are the simultaneous use of the facility for
low-energy antiprotons and highly charged ions, and the availability of both fast and
slow extracted antiprotons at energies down to 20 keV as well as at rest in HITRAP.

In the mean time, CRYRING was moved to GSI/FAIR and installed behind the
ESR [144] where also HITRAP [145, 146] is now coming into operation, as described
in the previous section. This way, two of the three main components of FLAIR have
already been realized and will start the physics program with highly charged ions. A
study was launched to evaluate the feasibility of bringing antiprotons back to the ESR
and to create the full FLAIR facility at this location. It concluded that it is in principle
indeed feasible to transfer antiprotons through the HESR into the ESR at a rate similar
to what is now available at the CERN-AD (in average ~ 2 x 10°p/s) and what was
estimated initially for FLAIR, needing only a transfer line from HESR back to the ESR
(172,173, 174]. In this way, also the antiproton part of FLAIR could be created at much
lower cost than originally foreseen.

Experiments using CRYRING and HITRAP with highly charged ions have already
been described in the previous section. The physics program of FLAIR with antiprotons
consists of several topics: i) tests of CPT symmetry and the weak equivalence
principle using antihydrogen and atoms containing antiprotons, i) atomic collisions
with antiprotons, and 4ii) the usage of antiprotons as nuclear probes. Antihydrogen
studies are the main topics at CERN, where the AD is now being extended by ELENA
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[175], a storage ring with similar parameters as CRYRING albeit with a slightly lower
energy of 100 keV. ELENA is currently being commissioned and is expected to go into
operation in 2018 for the GBAR experiment and after the CERN long shutdown, in
2021 for all experiments, providing pulsed antiproton beams at fixed energy of 100 keV.
Recently the ALPHA collaboration has published the first spectroscopy results of the
1s—2s laser spectroscopy [176] as well as the ground-state hyperfine splitting [177], still
with moderate precision but improvements are expected in the near future. Also three
experiments will from this year on work on gravity measurements with antihydrogen,
so that the topic i) will see a rapid progress at CERN in the years to come, in spite
of the frequent long shutdowns at CERN. With the current number of experiments the
available space at AD/ELENA is now fully occupied, leaving little opportunities for new
ideas.

The remaining physics topics of the FLAIR program cannot be done at ELENA
due to the lack of an internal target and of slow extracted beams. They would
therefore be uniquely possible at FLAIR. Using an internal target and a so-called
reaction microscope, as is planned to be installed in CRYRING in the near future
[144], kinematically complete atomic collision processes (topic ii)), e.g. ionization
processes, could be studied [178]. Using antiprotons as probes constitutes the cleanest
system for theoretical studies due to lack of screening effects of the projectile, therefore
these measurements would provide benchmark data for theoretical models. Topic
iii), using antiprotons as nuclear probes, needs slowly extracted beams as will be
available at FLAIR. A very attractive scheme proposes to study nuclear halo effects
using antiprotonic atoms as was already done at LEAR [179], but extending this
method to unstable isotopes, and to determine halo factors by distinguishing pp from
pn annihilations by the number of charged pions created in each event [180]. The
proposal for FLAIR [181] is based on nested Penning traps like they are used in the
formation of antihydrogen to generate these antiprotonic atoms (cf. Fig. 14), thus
requiring a connection to both a source of antiprotons and unstable nuclei. Due to
the opposite electric charge, the same storage rings cannot be used for the deceleration
of two species and the isotopes have to be obtained from a stopping cell located in
close proximity. A different approach towards such a measurement has been proposed
for CERN [182], where antiprotons are supposed to be brought in a movable Penning
trap from the AD to ISOLDE and merged with unstable ions there. The attempt of
performing such a technically extremely challenging experiment shows the big interest
in such measurements.

A further topic of interest that has been discussed for some time is the double-
strangeness production with antiprotons producing double-kaonic nuclear bound states
[183, 184]. Such states where predicted to exist with extremely high binding energy and
density [185] and could be produced from stopped or low-energy antiprotons. Following
analysis of LEAR data which showed evidence for events in which two K+ were produced
[186], studies have been preformed on the feasibility of such an experiment using a 47
detector (see Fig. 15) capable of detecting both charged and neutral reaction products
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Figure 14: Schematic setup for the experiment Exo+pbar as proposed for FLAIR
[181]. Antiprotonic atoms are formed in a solenoid magnet (center) containing a nested
Penning trap (right). The proposed detection method is to track charged particles inside
the solenoid (left) and to extract halo factors from the number of charged pions produced
in the annihilation of the antiproton with a nucleon at the nuclear surface. From [172].
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Figure 15: Schematic layout of a possible 47 detector for use with stopped antiprotons.
From [187].

for FLAIR [187], and for J-PARC [188] using a secondary beam. Due to the necessary
degradation of antiprotons produced at high energy in a secondary beam, the intensity
available from a storage ring is orders of magnitude higher, making FLAIR an ideal
place for such an experiment. Furthermore, such a detector can be used for the study
of other hadrons created in the annihilation process.

In summary, low-energy antiprotons at FAIR offer unique experiments using
internal targets as well as slowly extracted antiproton beams that are currently not
available anywhere. With the availability of the core components CRYRING and
HITRAP the major infrastructure is already available and the cost of adding low-energy
antiprotons has become much lower as initially anticipated in the FLAIR technical
proposal.



All the Fun of the FAIR 41

8. FAIR - Exploring stellar and planetory plasmas

In case of the interdisciplinary research of APPA (Atomic, Plasma, and Applied
Research) [STO2015], the particular focus is the study of matter under extreme
conditions. It comprises the interaction of matter at highest electromagnetic fields
(SPARC, atomic physics see previous chapter) as well as properties of plasmas and of
solid matter under extreme pressure, density, and temperature conditions such as they
prevail in stellar objects. The latter is the research focus of the High Energy Density
at FAIR collaboration (HED@QFAIR), exploiting the unique properties of intense heavy
ion pulses to heat matter volumetrically. More specifically, the planned HEDQFAIR
program aims on the equation of state as well as on the transport properties of different
materials in the so far widely unexplored regions of the phase diagram related to warm
dense matter and high-energy density (see Fig. 16) [189, 190, 191, 192, 193, 202].
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Figure 16: Schematic phase diagram showing the areas accessible with FAIR in
comparison to other facilities. The conditions in some existing astrophysical objects
are displayed in addition [202].

At FAIR, the ion pulses deposit energies in excess of 10 kJ/g, enabling to drive
samples into the regime of high-energy density (HED) matter with pressures in the range
of several Mbar. In addition, the volume of matter that can be uniformly heated is in the
range of cubic millimeters and the characteristic times are sub-microseconds, such that
samples are also created in local thermodynamical equilibrium. Matter at such extreme
conditions is ubiquitous in the universe e.g. inside compact astrophysical objects such as
planets, brown dwarfs and stars. FAIR will enable the exploration of matter under such
extremes in the laboratory. These challenging experiments will allow, by benchmarking
theoretical models, to test our understanding of such objects where accurate knowledge
of the material properties over an extensive parameter range is required. In addition, the
realm of warm dense matter remains a particular challenge for theoretical modeling due
to the strongly coupled ion component and partial electron degeneracy. Heating with
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heavy ions offers an entirely new approach for generating HED samples, complementary
to the highly non-equilibrium states generated in the femtosecond interaction with X-
ray free-electron lasers, or ablation-pressure-driven shockwaves generated by high-power
laser facilities. Naturally, the field has overlap with materials science and atomic physics.
For materials research, this concerns the area of strongly excited solids, thermally
induced stress waves and radiation damage. In the field of atomic physics, the influence
of the dense medium on atomic structure and continuum lowering will be studied. For
the success of this research program, theoretical support by sophisticated computational
tools and techniques is of utmost importance in order to provide the required simulation
for matter under such extreme conditions. In addition, only by simulations the design
of special target configurations will provide the basis for precise diagnostics of the target
state.

The experimental station to be used for plasma physics at FAIR will be the APPA
cave. The APPA Cave at SIS100 is a multipurpose user facility, designed for ions
with a magnetic rigidity of 100 Tm for the research fields of atomic physics, materials
research and plasma physics. For plasma physics, this cave enables experiments with
beams at highest intensity and low charge state e.g. 5 x 10! U?* jons at 2.7 GeV /u.
More specifically, the HED@FAIR collaboration develops and exploits the following
experimental scenarios at the dedicated plasma physics beamline within the APPA
cave:

Figure 17: The APPA cave with two beamlines and several experimental stations,
serving the atomic physics, plasma physics and materials research communities.

More specifically, the FAIR plasma physics collaboration develops and exploit the
following experimental scenarii at the dedicated plasma physics beamline within the
APPA cave:

In HIHEX (Heavy Ion Heating and Expansion) experiments, targets are quickly
and uniformly heated by an intense heavy-ions pulse to reach high energy density states.
After heating, the sample will isentropically expand and pass through various regions
of the phase diagram. Such samples will be used to study the Equation of State and
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transport properties of high-entropy phases of materials of interest [191].

PRIOR is a high-energy proton microscope facility which will be integrated into
the plasma physics beam line at the APPA cave behind SIS100. The high-energy
proton beams will enable worldwide unique research opportunities by providing both
high resolution and large field of view options for proton radiography [189]. Research
with PRIOR will focus on the fundamental properties of materials in extreme dynamic
environments which are generated by external drivers (e.g. laser or particle beams). It
will be open for multidisciplinary research projects comprising research fields such as
plasma physics, materials research under extreme conditions and medical physics (see
PaNTERA project below) [194, 195].

LAPLAS (LAboratory PLAnetary Sciences) experiments at FAIR aim at
compressing matter, at moderate temperatures, to states relevant to planetary interiors.
LAPLAS targets are made of a high-Z cylindrical tamper that is heated by the ion beam
and compresses its payload. For low-Z elements like hydrogen, LAPLAS will make use
of cryogenic targets, confined by an outer cylinder of a heavier material [192]. For high-
Z elements like iron, the ion beam needs to exhibit an annular focal spot, obtained by
applying a radio frequency beam rotator. This leads to a low-entropy compression of
the cold inner material to pressures of several Mbar [196].

In summary, plasma physics research will exploit the unique capabilities of the high-
intensity ion beams of FAIR for research of matter under extreme conditions. These
studies will allow to access the properties of plasmas and of solid matter under extreme
pressure, density, and temperature at conditions as they prevail in stellar environments
such as stars and giant planets.

9. Serving Society at FAIR - Biomedical application

Nuclear physics finds many successful applications in biology and medicine. Charged
particle therapy, medical imaging, and radioisotope production are the best examples
of the medical benefits stemming from nuclear physics [197]. Most of these applications
are based at ion accelerators. Particle therapy, in particular, is nowadays largely spread
all over the world and exploits cyclotrons or synchrotrons accelerating protons or carbon
ion beams at energies below 400 MeV /n, generating particles with a range in tissue of
approximately 25 c¢m, corresponding to deep-seated tumors [198]. Pre-clinical research
in medical physics and radiobiology is often performed at the same facilities where
patients are treated.

Research in space radiation protection also needs high-energy beams of protons and
heavy ions [199]. Cosmic rays can reach energies above 10 GeV/n, and therefore only
part of the spectrum can be reproduced at therapy facilities. A few facilities, such as
the NASA Space Radiation Laboratory (NSRL) at the Brookhaven National Laboratory
(BNL) in Upton, NY (USA), and the SIS18 of the GSI Helmholtz Center for Heavy lon
Research in Darmstadt, Germany, can provide heavy ion beams up to 1 GeV/n and
run research programs in space radiation protection sponsored by NASA [200] and ESA
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[201], respectively.

The new high-energy facilities under construction in Europe, America, and Asia
have plans for applied nuclear physics, especially toward atomic physics, plasma physics,
material research, and medicine. APPA [202] is one of the four pillars of FAIR and
its program covers several applications of high-energy heavy ion beams, including
biomedical applications. Within the APPA cave (Figure 18), a beamline is dedicated
to biophysics and material research (BIOMAT collaboration). Cutting-edge research
topics currently under study at GSI will of course be included in the FAIR program:
new ions [203], radioimmunology [204], and treatment of noncancer diseases, especially
heart arrhythmia [205]. What can be done at FAIR that is not possible at the current
medical accelerators or at GSI today? In fact, many therapy centers have intense
research programs — e.g. HIT in Heidelberg (Germany), CNAO in Pavia (Italy) or
HIMAC in Chiba (Japan). NSRL and GSI are reference facilities for space radiation
research in USA and Europe. Therefore, interest in biophysics at FAIR will be based
on opportunities that cannot be offered by the current (clinical or research) centers.
This essentially means biomedical applications that can benefit from higher energies,
production of radioactive isotope beams (RIB), and higher intensities.
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Figure 18: Layout of the future BIOMAT cave that will be used at FAIR for the
biomedical applications within the APPA experiment. The vault includes the beamline
for plasma physics and the SPARC experiment. Maximum energies of the beam that
will be transported in BIOMAT are indicated in the insert.

9.1. High Energy

9.1.1. Space radiation protection Research in space radiation protection can greatly
benefit {rom facilities able to accelerate heavy ions beyond 1 GeV/n. Space programs
of all major space agencies worldwide are now concentrating on manned exploration
of the Solar system: the moon base and the mission to Mars [206]. Exposure to space
radiation is generally acknowledged as the main health risk for crews of exploratory-class
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missions [207]. Even if microgravity and isolation pose serious health concerns for long-
term space travel, radiation risk is affected by large uncertainties, and countermeasures
are difficult to implement. For reducing risk uncertainty, accelerator-based radiobiology
is essential because heavy ions, main contributors to the dose equivalent in deep space,
are not present on earth, and therefore no epidemiological studies are available [208].
Research at NSRL and GSI provided significant information about the effects of heavy
ions with energies of 1 GeV/n or below in cell, tissue, and animal models. Ions with
energies between 1 and 10 GeV/n represent about 50% of the total Galactic Cosmic
Ray (GCR) flux and can contribute up to 30% of the total dose equivalent in deep
space [209] (Figure 19). Therefore, radiobiology studies using these ions are important
to understand the risk from radiation exposure in space travel. FAIR will be the main
center of these studies, and its role has been endorsed by ESA with a Memorandum
of Understanding signed in February 2018. It is expected that FAIR will be the most
realistic ground-based simulator of GCR and will contribute to research in health and
material hardness.
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Figure 19: Galactic cosmic ray energy contributions to blood forming organ dose
equivalent in deep space behind a shielding of 5 g/ecm2 Al (averaged over 1 year at
solar minimum). Simulations by the HZETRN code by NASA, adapted from [209].

9.1.2. Particle radiography Range uncertainty is arguably the main physics limitation
of particle therapy [210]. The uncertainty comes from different sources, including
uncertainties in the tissue mean excitation energy and inter- or intra-fractional organ
motion. One of the main sources of uncertainty is the conversion from Hounsfield units
(from the CT scans used for planning) into water-equivalent path lengths (defining the
particle range). Using the same particle beam for radiography would obviously eliminate
this uncertainty. In addition, using the therapeutic beam for imaging can allow online
beam adjustment for irradiation of moving targets. For this reason, many studies in
proton [211] and heavy ion [212] radiography are ongoing in several centers.

The use of particles for radiography and tomography is hampered by the low energy
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used in clinics. For radiography, the beam must obviously cross the patient’s body, and
using the maximum therapeutic energy of the current facility this is possible only for
the head-and-neck region. Moreover, proton scattering blurs the images and the quality
is hardly usable for planning and for range verification. The quality is highly improved
by using high-energy beams. First images of biological targets have been obtained with
800 MeV protons at ITEP in Moscow, Russia [213], and at the Los Alamos National
Laboratory in USA [214]. The promising results (Figure 20) suggest that high-energy
particle beams can be used for biomedical imaging, and even for microscopy using
ultra-relativistic beams, where the resolution drops below 1 mm. The PRIOR project
in APPA at FAIR is planning a 4.5 GeV beam for proton microscopy of thick solid
matter and biological targets [215]. Much research is needed for using this system in
image-guided particle radiosurgery, because the dose has to be significantly reduced,
unless the same high-energy beams are used for simultaneous treatment and imaging
[216].

9.2. Radioactive beams

RIB beams are one of the main motivations for the construction of new high-intensity
and high-energy accelerators. RIB can be very useful for beam monitoring and range
verification in cancer therapy. The use of RIB for image-guided particle therapy had
been already proposed at LBNL during the pilot project in the 70s [217]. Induced
radioactivity is currently used in several centers for beam monitoring. Positron-
emitting, neutron-poor isotopes produced by nuclear fragmentation, can be detected
by positron emission tomography (PET). In particular, the production of Y C and °C
by fragmentation of the projectile 2C, and of O by target fragmentation of 60, is used
for PET monitoring in C-ion or proton therapy [218]. These range verification methods
would be greatly enhanced by using a radioactive beam for therapy. Such a beam could
be visualized in the patient’s body, and would provide unprecedented accurate range
verification. Following early attempts at LBNL [219], the idea has been implemented at
HIMAC in Chiba (Japan) [220], with a prototype for an open-PET to visualize the full
path of a ''C in the body [221]. Monte Carlo simulations have also been performed at
CERN, where the radioactive beam can be produced at ISOLDE [222]. The annihilation
of antiprotons can also be exploited for an accurate visualization of the beam position
[223]. However, all these efforts have been hampered so far by the low intensity of the
radioactive beam. At HIMAC, the 'C intensity was below 10° particles per second
(pps), which is insufficient to give a good signal /noise ratio and for a therapeutic plan.
At FAIR, the intensity of RIB is supposed to be increased by a factor of 10,000 compared
to the current beams. FAIR will also produce very intense antiproton beams, which can
be used for tests of new detectors of antiproton beam imaging. FAIR will be the perfect
testbed for the applications of RIB in image-guided particle therapy.
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Figure 20: Proton CT of chicken samples obtained with 800 MeV at Los Alamos National
Laboratory within the experiment PANTERA with GSI Helmholtz Center. Bones and
soft tissues are clearly resolved. Arrows point to a tiny metal implant close to the bone.
Results are discussed in [214].

9.3. High intensity

A typical feature of the new facilities will be a substantial increase in beam intensity.
At FAIR, the intensity of the primary heavy ion beam should be increased by a factor
100. Current synchrotrons for therapy work at 10%-10° pps for fast beam scanning
[224]. Higher intensity would be desirable for reducing treatment time and minimizing
organ movement during treatment [225]. Multi-energy extraction with extended flat top
provides different energies during the same cycle, and therefore can take full advantage
of higher intensities [226]. The limitation is given by the dose control system in the
beam delivery, and in particular by the inter-spot dose, i.e. the dose delivered while
moving from one spot to the next during raster scanning.

The normal dose rates achieved with the current intensities are between 0.5 and
10 Gy/min. Dose rates > 2000 Gy/min are now becoming of increasing interest in
radiotherapy. In fact, experiments in a mouse model have recently measured a very
large sparing effect of the normal tissue by 4-6 MeV electrons delivered at this ultra-
high dose rate [227]. Lung tumor control was similar for conventional dose-rate and
FLASH radiotherapy, but fibrosis was much higher at conventional 1.8 Gy/min. In a
second study, the FLASH irradiation also proved to be able to preserve spatial memory
after whole-brain mouse irradiation, while at the same dose (10 Gy) conventional dose-
rates totally impairs the animals’ spatial memory [228].

There is not a general agreement on the mechanism underlying the sparing effect
of FLASH radiotherapy, even if the oxygen depletion hypothesis, based on fast oxygen
consumption leading to hypoxia and therefore increased resistance of well-oxygenated
normal tissue, is considered the most plausible explanation [229]. Even without
a theoretical justification, FLASH is attracting great interest in the radiotherapy
community, as a potential system to enlarge the therapeutic window, i.e. to reduce
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the toxicity while keeping the same effectiveness in the tumor. These very high dose
rates are, however, difficult to achieve with photons and with charged particles. FAIR
will be able to test the FLASH radiotherapy with ions, because the increased intensity
will allow irradiations in the range where the effect has been observed with electrons.

9.4. Outlook

There are several facilities worldwide providing high-energy beams for biomedical
research. Medical facilities are limited to protons and carbon ions with energies up
to 400 MeV /n. Higher energies are needed for space radiation protection studies, and
currently these studies are limited to the NSRL accelerator in Brookhaven National
Laboratory in the USA and to the SIS18 accelerator at GSI in Germany. FAIR will
be the first facility able to study heavy ions at energies above 1 GeV /n, an important
component of the GCR. The development of efficient countermeasures for high-energy
heavy ions in the GCR is a mandatory step towards the planned manned mission to the
moon and to Mars. Therefore, these studies are urgent and highly needed. In oncology,
even if current facilities cover the range necessary to treat deep tumors in humans,
higher energies can be beneficial for imaging. Using the same beam for imaging and
treatment would bring therapy into the modern area of theranostics and could facilitate
the treatment of moving targets. Theranostics is also an attractive possibility when
using radioactive ion beams for therapy, currently produced at intensity too low for
practical treatments. The high intensity at FAIR will make possible to test radioactive
ion beams for simultaneous treatment and beam visualization by online PET. Finally,
the high intensity at FAIR offers other unique opportunities. Will it be possible to treat
tumors in seconds, thus making particle therapy cheaper and easier, especially when
treating moving organs? Is this high dose rate beneficial in widening the therapeutic
window, as suggested by FLASH experiments with electron beams? FAIR will give
answers to these questions and more. Obviously the potential of the FAIR facilities
cannot be translated elsewhere in the present days, but the results in this special facility
will drive the technological developments in the next 20 years.

10. Outlook and more fun at FAIR

The Facility for Antiproton and Ion Research FAIR will be a global flagship for
fundamental science. FAIR not only opens up unprededented research opportunities
in hadron, nuclear and atomic physics and in associated applied sciences, but will also
push the current limits in accelerator and detector technologies. Several of the exciting
perspectives have been discussed in this manuscript. They encompass a large area of
research in hadron and nuclear physics, as well as in atomic and plasma physics and in
applied sciences. As general themes, FAIR research will advance our understanding at
three frontiers of modern science:

e [t will deepen our general understanding of fundamental theories of Nature like
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QCD and QED and will put their applicabilities to the test in regimes not
adequately accessible at other facilities like QCD in the transition region between
perturbative and non-perturbative regimes and QED with highly charged ions
where perturbation theory is not easily applicable.

e It will advance our understanding how complexity arizes from fundamental building
blocks and the interaction among theme. This research is at the center of all
experimental collaborations. For example, PANDA will search for and unravel the
structure of exotic hadronic states made of quarks and gluons, NUSTAR aims at
the development of a global and unified picture which describes the many nuclei
and nuclear phenomena from nucleonic degrees of freedom and their interaction,
where not the least effort goes into deriving the interaction among nucleons from
the fundamental properties and symmetries of the underlying theory of strong
interaction, QCD. The CBM experiment contributes to this quest by exploring
the bulk properties of nuclear matter and the various phases of the QCD phase
diagram which, in particular in the high-density regime, i.e. the home turf of the
CBM experiment, is largely unknown.

e [t will significantly progress modern accelerator, detector and also I'T technologies
and has strong societal impact, with the development of novel accelerator-based
medical treatments as a prime example.

The fundamental research in all experimental collaborations has many applications in
nuclear astrophysics, as outlined throughout the manuscript.

Obviously there will be a lot of science excitement once FAIR becomes operational.
But scientists think already for the times beyond the first-years operations of FAIR. And
indeed there exist many options how FAIR can become even more powerful than the
version currently under construction. The accelerator tunnel which will host the new
SIS100 synchroton, FAIR’s heart and work horse, allows for the installation of a second
ring accelerator. Of course the realization of this option and its design will depend on
the physics results and scientific surprises, which FAIR will deliver in its first years of
operation, and naturally on the advances of accelerator technologies.

As outlined above, the fun for researchers at FAIR, with its worldwide unique
combination of powerful accelerators, storage rings covering many orders of magnitude
in energies, and detectors is to explore science at all length scales from the internal
structure of the nucleons and mesons governed by Quantum Chromodynamics to the
mysteries of exotic astrophysical objects in the Universe like colliding neutron stars
or stellar explosions. The fun is also to follow the history of our Universe from
fractions of seconds after the Big Bang when matter existed as a correlated plasma
of quarks and gluons to the present and future challenges of mankind by developing
novel accelerator-based health treatments and materials to support space travel. New
ideas might involve polarized particle beams opening up new tests of the standard model
of strong and electromagnetic interactions. The combination of a powerful laser with
the intense heavy-ion beams is a unique tool to generate electromagnetic plasmas and
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to simultaneously diagnose it.

The greatest fun of all at FAIR will be the surprising scientific results which have not
been anticipated and which will deepen and advance our understanding of our Universe.
There will be excitement for many science generations to come.
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