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Abstract

The physics program at the super-conducting fragment separator (Super-FRS) at FAIR, being operated in a multiple-
stage, high-resolution spectrometer mode, is discussed. The Super-FRS will produce, separate and transport radioac-
tive beams at high energies up to 1.5 AGeV, and it can be also used as a stand-alone experimental device together
with ancillary detectors. Various combinations of the magnetic sections of the Super-FRS can be operated in disper-
sive, achromatic or dispersion-matched spectrometer ion-optical modes, which allow measurements of momentum
distributions of secondary-reaction products with high resolution and precision. A number of unique experiments in
atomic, nuclear and hadron physics are suggested with the Super-FRS as a stand-alone device, in particular searches
for new isotopes, studies of hypernuclei, delta-resonances in exotic nuclei and spectroscopy of atoms characterized
by bound mesons. Rare decay modes like multiple-proton or neutron emission and the nuclear tensor force observed
in high-momentum regime can be also addressed. The in-flight radioactivity measurements as well as fusion, transfer
and deep-inelastic reaction mechanisms with the slowed-down and energy-bunched fragment beams are proposed for
the high-resolution and energy buncher modes at the Super-FRS.

Keywords: Relativistic energy, projectile fragments, exotic nuclei, high-resolution magnetic spectrometer,
Super-FRS, momentum measurement, isotopes, atomic collisions, mesonic atoms, hyper-nuclei, tensor force, delta
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1. Introduction

The Super-FRS is one of the main scientific instru-
*Corresponding author. E-mail address: 1. Mukha@gsi.de ments of the future FAIR facility in Darmstadt, Ger-
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Figure 1: Scheme of the Super-FRS with its three branches and the low-energy-buncher system. The experimental areas of the Super-FRS

collaboration [7] are indicated by the red-filled circles.

many. This magnetic high-resolution spectrometer, cou-
pled to the heavy-ion synchrotron complex SIS-18/ SIS-
100, will be the central device of the NUSTAR collabo-
ration for research with exotic nuclei [1, 2]. The separa-
tor will provide beams of exotic nuclei ranging from hy-
drogen up to uranium over a broad energy range equiv-
alent to a maximum magnetic rigidity of up to 20 Tm.
The exotic nuclei are produced via projectile fragmen-
tation, fission and two-step reactions. The nuclei of in-
terest will be separated in flight and delivered to the
large-scale detector systems which will be placed be-
yond the three separator branches: HISPEC/DESPEC
and MATS/LaSPEC at the Low-Energy Branch (LEB)
[3], R*B at the High-Energy Branch [4] and ILIMA at
the Storage-Ring Branch [5], see Fig. 1.

The Super-FRS can be also used as a stand-alone ex-
perimental device. In this function, the Super-FRS is
a powerful and versatile high-resolution spectrometer
system for exotic nuclei over a large energy range up to
1.5 AGeV, which makes it a worldwide unique instru-
ment, see Fig. 2. The various magnetic sections of the
Super-FRS can be operated as dispersive, achromatic or
dispersion-matched spectrometer units which are well-
suited for the measurements of momentum distribution
of reaction products with high resolution and precision.
With this flexibility, the Super-FRS allows for a vari-
ety of novel experiments at relativistic energy. Taking

advantage of new stages and ion-optical modes, it also
allows for an extension of preceding experiments at the
existing fragment separator FRS [6].

The physics program of the Super-FRS Experiment
Collaboration can be found in Ref. [7]. It was also
highlighted in Refs. [8, 9]. The planned experiments
are the search for new isotopes and measurements of
their production cross sections, inclusive reaction and
nuclear radii measurements, basic atomic collision stud-
ies, searches for hypernuclei, A-resonances in exotic nu-
clei and the spectroscopy of atoms with bound mesons.
Exotic decays like multiple-nucleon emission and the
influence of the nuclear tensor force in the observation
of high-momentum components of the nucleons are also
addressed. The in-flight decay measurements of un-
bound nuclei in the picosecond time range, pioneered at
the FRS, will be extended. The studies of fusion, trans-
fer and deep-inelastic reactions with the slowed-down
and energy-compressed beams are proposed for the
high-resolution energy-buncher at the LEB of Super-
FRS [3]. All research topics are described in Ref. [7]
where all members of the collaboration are listed.

2. Experiments and related detection techniques

All suggested experiments will use standard beam
detectors of the Super-FRS: position-tracking time-
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Figure 2: Energy and element ranges covered by existing and planned radioactive beam facilities (the filled histograms labeled by the facility
abbreviations). The black line shows energies at which 90% of accelerated ions can be fully-stripped of electrons. The blue line shows fusion

barriers of accelerated ions with uranium target.

projection chambers with GEM technology [10, 11],
time-of-flight (ToF) detectors [12, 13, 14, 15], energy-
loss detectors [16, 17], whose developments are based
on the existing FRS detectors.

2.1. Search for new isotopes

The search for the limits of existence of nuclei is
one of the most essential studies in nuclear physics.
It is strongly connected with the search for new iso-
topes. Identification of new isotopes and measurements
of their production cross sections are essential for plan-
ning of all NUSTAR experiments. Regions of main in-
terest are located between Sn and U, where even the
heaviest fragments are fully stripped because of high
energy and therefore can be identified unambiguously,
even when very rarely produced.

2.2. Atomic collision studies

The accurate knowledge of the atomic interaction of
heavy ions penetrating through matter is essential for
the successful operation of the Super-FRS. Also, the
complete slowing down in a gas-filled stopping cell at
the LEB of Super-FRS is a challenging task because
of the large range distribution of the fragments com-
pared to the typical thickness of a helium-filled stop-
ping cell [18, 19]. In the Super-FRS energy domain,
data for stopping powers, energy and angular straggling
and charge-state distributions of heavy ions are scarce.
Therefore, basic atomic collision processes have to be

measured in an early stage of the Super-FRS operation.
The high momentum-resolution and charge-state sepa-
ration capabilities of the Super-FRS suggest the solid
basis for such studies. Some special effects, character-
istic for relativistic heavy ions, are on the agenda of this
collaboration too: the emission of Vavilov-Cherenkov
radiation [20] and the Resonant Coherent Excitation
(RCE) in crystals (nuclear RCE, or the Okorokov ef-
fect). The Okorokov effect was predicted in 1966 [21]
and has not been observed yet. Either highly relativis-
tic ion beams (y >1) are needed to reach high exci-
tation energies (~MeV) or low-lying long-lived states
(~10 keV) are required in the nuclei to be excited. Ra-
dioactive ions exhibit a widespread range of excitation
energies, transitions and lifetimes [22]. Depending on
thickness of the crystal and other experimental param-
eters one can obtain excitation probabilities which are
orders of magnitude higher than in amorphous material.
The feasibility of channeling experiments has been al-
ready demonstrated with pilot experiments at the FRS
[23]. The critical angle, which is necessary for chan-
neling conditions, can be achieved with a special ion-
optical setting of the Super-FRS.

2.3. Strangeness in exotic nuclei

Strangeness in nuclei opens up a new degree of free-
dom to study the strong force. The production of hyper-
nuclei by coalescence, where the A is produced in pe-
ripheral collisions and sticks to the projectile-like frag-
ment, has been already demonstrated at the GSI facility



by the HypHI collaboration at energies of 1-2 AGeV
[24]. Since this mechanism is universal and works also
with exotic nuclei, a drastic expansion of the hypernu-
clear chart is expected and the third dimension of the
chart of nuclei is opened up. The invariant mass of the
final state, for example a 7~ and a nuclear fragment after
weak hypernuclei decay, gives an effective signature for
identifying a hypernucleus. With the momentum reso-
lution of the Super-FRS, one can expect a mass resolu-
tion of <1 MeV/c?. Also, the half-life of a hypernucleus
can be determined from the flight path distribution be-
hind the production target when decays. Heavy-ion col-
lisions also provide a possibility for forming multi-A
hypernuclei.

2.4. Delta-resonances for probing nuclear structure

In high-energy heavy-ion collisions, in particular in
charge-exchange reactions, there is clear evidence for
A-resonance in nuclei. The A-resonance is a AS=1,
Al=1 spin- and isospin-flip intrinsic excitation of the nu-
cleon. It is a partner of the corresponding AS=1, Al=1
excitation of the nucleus, known as the Gamow-Teller
resonance. The Super-FRS presents unique possibili-
ties to study the A and other-baryon resonances both in
stable and in exotic nuclei. Pilot experiments of iso-
baric charge-exchange reactions have already been per-
formed with the FRS [25]. Heavy-ion collisions also
provide opportunities to study two As in nuclei as well
as A-A interactions. The proposed experiments on A-
excitations in exotic nuclei can be realized by using the
Super-FRS with its standard beam detectors measuring
the momentum distribution of the isobaric nuclides cre-
ated via charge-exchange reactions. One could also ap-
ply a setup providing 4r-detection capability and track-
ing of all charged pions in the magnetic field, e.g., the
WASA detector [26].

2.5. The tensor forces in nuclei

Recent ab-initio calculations of light nuclei demon-
strate that about 80% of nuclear binding is due to pi-
ons, and the tensor force is as important as the central
forces in the pion-exchange interactions [27, 28]. How-
ever, the tensor force has not been explicitly handled in
nuclear models except for the lightest nuclei. Moreover,
recent studies of nuclei far from the stability valley show
the importance of the tensor forces through changes of
magic numbers and, e.g., a peculiar mixing of s- and p-
waves in the neutron-halo nucleus ''Li. An important
property of the tensor force is that it produces a strong
proton-neutron attraction (p—n pairing) in a nucleus and
introduces high-momentum nucleons in nuclei. Most of

nuclear models are based on the mean-field approach
and do not include the p — n pairing correlations. Thus,
the observation of high-momentum components of nu-
cleons and correlated nucleons in nuclei are essential to
clarify the importance of the tensor force. Zero-degree
scattering is the best way to get rid of possible difficul-
ties from reaction mechanisms. The Super-FRS is the
only facility in the world that provides high-energy inci-
dent beams exceeding 400 AMeV with a high-resolution
zero-degree spectrometer mode. Nucleon-transfer reac-
tions such as (p,d), (d,t), and (d,*He) are relevant for
this purpose. In a pilot experiment at the FRS in 2014,
(p,d) reactions have been studied and preliminary re-
sults demonstrated sensitivity to the tensor forces.

2.6. Pionic atoms

The discovery of deeply-bound pionic states in heavy
atoms at FRS has opened up a new field of funda-
mental studies of the meson-nucleus interactions, which
contribute to the understanding of the non-trivial struc-
ture of the vacuum of quantum chromodynamics (QCD)
[29, 30]. The experiments on the meson-nucleus bound
system will concentrate on the existence of the states
and on possible modification of meson properties inside
nuclear matter. The results will help to answer the key
question of partial restoration of chiral symmetry break-
ing, which is related to the unknown process of mass
evolution. The experiments employ transfer reactions
with protons and deuterons and then look for bound
states in missing-mass spectra. The high-momentum re-
solving power and the independent multiple-stage oper-
ation of the Super-FRS ion-optical system are essential
key features for these experiments. The (p,d) reaction
at 2.5 GeV is suitable for producing 7’-bound nuclei. A
first pilot experiment on ” bound nuclei has been car-
ried out in 2014 [31].

2.7. Nuclear radii and momentum distributions

The proposed experiments combine measurements of
nuclear-interaction and charge-changing cross sections
with nucleon-removal and high-resolution momentum
distribution measurements. Such studies are aimed for
new structures in nuclei, in particular in heavier mass
regions (A>50). Also the thickness of neutron skins
is of interest, and this method is one of the sensitive
ways to determine the asymmetry term of the equation
of state (EOS) of asymmetric nuclear matter. The EOS
for asymmetric nuclear matter is of utmost importance
for understanding the stellar objects (such as neutron
stars) and their dynamic changes (such as supernovae).
The method can be applied for very short-lived nuclei
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Figure 3: Schematic view of detectors which allow to study exotic radioactive decays with a secondary target located at the middle focal plane of
the Super-FRS main separator. High-resolution angular correlations of decay products are planned for proton and neutron radioactive precursors

populated by secondary beams, see Ref. [39].

and weak-intensity beams and thus has the possibility
to reach the most neutron-rich isotopes [32].

2.8. Low-momentum transfer experiments with an ac-
tive target

Unique information on matter distribution and radii
of exotic nuclei can be obtained by proton or alpha scat-
tering with low-q transfer using active targets. In such
a measurement, a low-energy recoil particle can be de-
tected in coincidence with the forward-emitted residual
nucleus to identify the reaction channel. An applica-
tion of an active target at the Super-FRS (like the IKAR
active target [33] which was successfully used for ex-
periments on light halo nuclei [34, 35]) may profit from
the fact that the scattered beam-like particle may be de-
tected with a momentum resolution down to 10~* in the
Super-FRS section downstream of the active target.

2.9. Radioactive decays in-flight

The nuclear landscape is characterized by two bor-
ders between nuclides with bound and un-bound nucle-
ons (the proton and neutron drip-lines), and one of the
major goals of modern nuclear physics is establishing
a map of nucleon-stable nuclei. However, nuclear sys-
tems beyond the drip-lines demonstrate individual states
too. For example, the nuclei with small decay ener-
gies are radioactive with half-lives longer than 107!—
10712 5. Such nuclear decays via emission of proton(s)
or neutron(s) are called proton radioactivity and neutron
radioactivity, respectively. The unbound nuclei with
shorter half-lives called resonances still have individual
nuclear structure. The unbound nuclei can be studied
in nuclear reactions either by invariant-mass method or,

alternatively, by their decays in-flight by tracking trajec-
tories of decay fragments and reconstructing their decay
vertices. Outside the proton drip-line, proton radioac-
tivity prevails and some nuclides with two-proton (2p)
emissions have been observed. They allow studying 2p
correlations in nuclei. Four- and six- proton decays are
also expected in the extremely proton-rich nuclei. Neu-
tron (n) radioactivity has not been observed yet, mainly
due to the fact that the drip line is reached only for
light isotopes where only low angular-momentum or-
bitals are involved, and thus the centrifugal barrier is
not high enough to retard the decay. Because of the n-n
pairing interaction, some 2n-precursors are expected to
be stable in respect of 1n emission. Thus their decays
should have much longer half-lives due to higher three-
body centrifugal barriers [36]. If the 2n radioactivity ex-
ists then n-n correlations in nuclei could be studied in a
direct way (like Couper pairs). This idea has originated
from the previous experiments on 2p-radioactivity at
GSI where in-flight decays of high-energy radioactive
ions had been detected with particle tracking technique
[37, 38]. The Super-FRS experiments intend to use its
high-resolution spectrometer capabilities for the outgo-
ing precursor-like decay product and to equip the focal
planes with dedicated particle and radiation detectors as
displayed in Fig. 3. This setup called EXPERT (EX-
otic Particle Emission and Radioactivity by Tracking)
is described in Ref. [39] in details. Complementary, 2p-
radioactivity can be studied using an optical TPC placed
at the final focus of the Super-FRS [40]. These two de-
tection schemes may utilize the same radioactive beam
at the same time [38], and they can cover half-life ranges
from ~1 ps to 100 ns with in-flight decay technique and



~100 ns to 1 s with implantation-decay method.

2.10. Nuclear reactions with slowed-down beams

Reaction studies at Coulomb barrier energies and new
isotope production with light neutron-rich radioactive
ion beams is one of the topics at the Super-FRS. The
in-flight technique will be applied for the production of
light exotic nuclei, such as C, O or Ne, with ion intensi-
ties up to 10° s7!. For these nuclei, the Super-FRS will
be superior to ISOL facilities. Furthermore, beams of all
elements, independent from their chemical properties,
will be available at the Super-FRS. Deep-inelastic trans-
fer, quasi-fission or complete fusion reactions could be
applied, e.g., for the production of new n-rich isotopes
in the region Z~100-105. These nuclides cannot be pro-
duced in fusion reactions with stable beams. Radioac-
tive ion beams provide the possibility for systematic re-
action studies in a wide range of projectile isospin, bind-
ing energy, deformation and other degrees of freedom.
Because of the relatively large cross-sections of up to
100 mb, the experiment can be performed in the LEB
with secondary beams of intensity ~10% s=!. The En-
ergy Buncher [3] will reduce energy spread of beams on
the secondary target. The reaction products will be iden-
tified by ToF-E with, e.g., the CORSET detector [41].
Alternatively, one can make use of the rather large en-
ergy spread of the slowed-down beams by using a stack
of multiple targets, leading to a sliding energy sweep
across the excitation functions of all reaction channels.
An IGISOL-like system which makes efficient use of
the small production rate, is proposed [42]. A following
MR-TOF mass spectrometer is an excellent tool for the
diagnosis and identification of the ions extracted from
the gas cell, for isobar separation, mass measurement
and the preparation of ion-bunches to further experi-
mental stations, exploring decay spectroscopy, chem-
istry etc [43].

3. Summary

The Super-FRS at FAIR will be a versatile, multiple-
stage spectrometer that operates in the beam energy do-
main above 400 AMeV. These features open a wide per-
spective for a variety of novel and unique experiments
in atomic, nuclear and hadron physics with stable and
exotic nuclei far beyond the year 2022.
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