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1. Introduction

The atomic nucleus has proven to be an exceedingly interesting many-body system
to study as it has brought up surprises over and over again. The building blocks
are protons and neutrons, both spin-half particles. The quark degrees of freedom
are not excited in low-energy investigations of the nucleus. The underlying QCD1

structure manifests itself rather in a complex nucleon-nucleon force with spin- and
isospin-dependent terms. A strongly correlated bound quantum system, the nucleus,
is thus formed that exhibits a wide spectrum of phenomena. Information on the
shape and size of the nucleus, which are important quantities, may be found from
scattering experiments. The interpretation is simplest in those cases where the
projectile itself has no internal structure like an electron. In this case, the relevant
force is electromagnetic and we learn about the charge distribution in the nucleus.
The first experiments of this type were performed by Hofstadter in the late 1950s [1].
If instead of an electron a hadron is used as the projectile, the force is dominantly
the nuclear strong interaction and we derive information about the matter density.
The way in which the nucleus can be observed and described depends highly on
the nature and the energy of the particle with which we are probing the nucleus.
In view of this, for instance, (p, p) reaction is a tool to study the nuclear matter
distribution.

Stable nuclei (in total 263 isotopes) only occur in a very narrow band in the
Z − N plane (Fig. 1.1). All other nuclei, which are existing within the drip lines
(approximately 3000 isotopes have been identified and yet another 3000 − 4000 are
in terra incognita), are unstable and decay in various ways. Isobars with a large
surplus of neutrons tend to convert a neutron into a proton. In the case of a surplus of
protons, the inverse reaction may occur. These transformations are called β-decays.
Talking about physics for nuclei far from stability gives, at least, the impression
that some aspects of binding many-body systems under the influence of the strong
nucleon-nucleon force could be totally different from what one notes near the valley
of β-stability, e.g., the appearance of new magic numbers.

Pioneering technology enabled the control of energetic electron beams in particle
accelerators. These were invented in the 1930s and provided precise data on the
size and shape of atoms [2]. To probe the nucleus of atoms, higher energies were
required and the acceleration of protons was added to the toolkit of physicists.
However, to probe the very small, the accelerators also grew in size, complexity, and
cost. “Accelerators are, in essence, powerful microscopes, taking over when light is
no longer sufficient [3].”

Much of what we know about nuclei comes from nuclear reactions. In the past,
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2 Chapter 1: Introduction

Figure 1.1: Chart of the nuclides in coordinates of proton number, Z, against neutron

number, N . The black blocks in the middle of the valley of stability represent the stable

nuclei. Some predictions for the neutron drip line are also shown in this figure.

these were limited to stable nuclei, available as target materials, in bombardments
with beams of (other) stable nuclei, in particular light nuclei. Having short-lived
nuclei available as energetic beams, allows extending such studies in an inverse lab-
oratory kinematics to unstable radioactive nuclei away from stability. Exotic nuclei
are characterized by an extreme excess of protons or neutrons and are thus located
far away from the valley of stability (see Fig. 1.1). New structural phenomena are
to be expected, such as very different proton and neutron density distributions.
Reactions between nuclei play a decisive role in many astrophysical processes in
the Universe. Nuclear structure effects and the dynamics of nuclear reactions are
directly reflected in the various evolutionary stages of stars. Unstable nuclei, far
from stability, are involved and their properties determine the fate of the relevant
astrophysical processes.

The availability of energetic beams of short-lived nuclei, referred to as radioactive
ion beams (RIBs), has opened the way to the study of the structure and dynamics
of thousands of nuclear species never observed before in the laboratory. There is
little doubt that RIB physics has transformed not only nuclear physics itself but
many other areas of science and technology too, and will continue to do so in the
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years to come. While the field of RIB physics is linked mainly to the study of
nuclear structure under extreme conditions of isospin, mass, spin and possibly also
temperature, it also addresses problems in nuclear astrophysics and the study of
fundamental interactions. The development of new production, acceleration and
ion-storing techniques and the construction of new detectors adapted to work in the
special environment of energetic radioactive beams play also such an important role
that conquering the whole chart of nuclei for research looks to be only a matter of
time.

At present there are some facilities worldwide which allow the experimental de-
termination of the properties of many of these unstable nuclei. Invariably they use
radioactive ion beams (RIBs) that are produced using accelerated stable beams.
These are based either on the in-flight production (IFP), such as at the present
facilities at GANIL, GSI, NSCL/MSU, and RIBF [4] at RIKEN, or on the ISOL
technique, such as with ISOLDE [5] at CERN, ISAC [6] at TRIUMF and SPIRAL
at GANIL. These first-generation RIB facilities will soon be superseded by improved
and/or second-generation RIB facilities: RIBF at RIKEN (IFP), SPIRAL2 [7] at
GANIL (ISOL), FAIR at GSI (IFP), and FRIB [8] at NSCL (both IFP and ISOL).
For the long-term in Europe, design studies are made for the ultimate ISOL facility
EURISOL. The FAIR2 facility will provide intense high-quality RIBs using the IFP
technique and will thus provide excellent opportunities to study the properties of
exotic nuclei. The FAIR synchrotrons (see Fig. 3.1), operated in a high-intensity
mode of a few times 1011 ions/s, together with the extraordinary phase-space accep-
tance of the in-flight fragment separator (Super FRS) will yield secondary beams
of superior intensities. The secondary rare isotopes produced and separated at the
Super FRS can be delivered to three experimental branches, allowing for a diverse
and highly flexible program at beam energies from zero to 1 GeV/nucleon. These
branches are as follows:

• The high-energy branch: for this, an experimental area has been foreseen for
the high-energy reaction studies in inverse kinematics, employing an appara-
tus with high efficiency, acceptance, and resolution for kinematically-complete
measurements (R3B project3). The research program covers a variety of scat-
tering experiments such as knock-out and break-up reactions, and light-ion
(in)elastic and quasi-free scattering in inverse kinematics.

• The low-energy branch: at this section, it will be possible to study the prop-
erties of exotic nuclei, using beams from the Super FRS which are decelerated
or even completely stopped (energies ranging from about 100 MeV/nucleon
down to a few MeV/nucleon or at rest).

• The ring branch: presently, GSI4, alongside with the Chinese facility Lanzhou,

2 Facility for Antiproton and Ion Research

3 Reactions with Relativistic Radioactive Beams
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is a research center hosting a facility (FRS5-ESR6) which allows accumulat-
ing radioactive beams in a storage-cooler ring. The storage ring concept will
be further developed at FAIR to a multi-storage-ring system (CR7, RESR8,
NESR9 storage rings) linked to the Super FRS. The coupled storage rings offer
a high collection efficiency for secondary beams, and electron cooling combined
with stochastic pre-cooling results in high-quality beams (with regard to emit-
tance and momentum spread) within cooling periods of below one second [9].
In combination with an internal target, high luminosities can be achieved as a
consequence which allows for in-ring reaction experiments. Hadronic scatter-
ing experiments at low momentum transfers with high sensitivity to transition
multipolarity are of prime interest. Moreover, an electron-ion collider will be
formed by coupling an electron storage ring to the ion storage ring NESR
allowing for studies of unstable nuclei by a purely electromagnetic probe.

The objective of EXL10 is to capitalize on light-ion induced direct reactions at
intermediate energies in inverse kinematics at an internal target in the NESR [10].
Elastic and inelastic scattering, charge-exchange reactions, quasi-free scattering and
transfer reactions can be studied with a universal detector setup. This detector
array should have full phase-space coverage and be able to measure energies of
recoil particles ranging from sub-MeV to around 100 MeV. Similar 4π detector
setups are being designed at other facilities, e.g., GASPARD for SPIRAL2, which
will be used with RIBs of much lower energies than would be available at FAIR.
GASPARD will also be used to measure recoil particles from reactions in inverse
kinematics with external RIBs impinging on a fixed target. However, because of
the kinematical conditions of inverse kinematics in case of beams of unstable nuclei,
high precision low-momentum-transfer measurements turn out to be an exclusive
domain of storage-ring experiments.

1.1 The goals and outline of this thesis

In order to perform a feasibility study for EXL at the NESR storage ring, for the
first time a test experiment was set up at the present storage ring ESR in 2005. In
this feasibility test we used the ESR to study the reactions resulting from the inter-
action of a stable 136Xe beam of 350 MeV/nucleon energy with an internal hydrogen

4 Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
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10 EXotic nuclei studied in Light-ion induced reactions
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gas-jet target. The test experiment was intended to investigate the performance
of the detector systems and the background conditions in a realistic storage-ring
environment.

In this thesis, the analysis of the data from this experiment, with emphasis on
the measurement of the elastic scattering cross section, is presented11. The data
analysis of the feasibility experiment is complemented by performing simulations
for various detectors as well as introducing appropriate reaction channels. Parallel
to this, the framework for the simulations for the future EXL project was set up.
The simulations for EXL include the experimental setup, especially for the recoil
detector system, and investigation of some reaction channels. This way, investigation
of some proposed experiments with the aim of studying reaction channels of interest
was made possible.

The outline of the present thesis is as follows: in chapter 2, the theoretical back-
ground, covering the scattering and nuclear reaction phenomena, will be presented.
Chapter 3 provides an introduction to the EXL setup as a part of the FAIR project.
It will also cover some kinematical studies on reaction channels of interest. Chapter
4 starts with the methods and procedures used in order to build up the EXL setup
in a Geant4 simulation package. Some complementary analyses like investigation of
the efficiency and resolutions for the recoil detector setup are also presented in this
chapter. The feasibility experiment and the data-analysis techniques regarding this
experiment will be presented in chapter 5. Chapter 6 is dedicated to investigations
of a proposed experiment, with 56Ni as beam and 3He (4He) as target, to be done
at ESR. In order to obtain a thorough understanding of the kinematics and cross
sections of interest (relevant to chapters 3, 5, and 6), an extensive appendix (C)
is prepared which deals with the relativistic two-body interactions. In chapter 7,
summary is presented and conclusions are drawn.

11 A PhD thesis [11], partly dedicated to this experiment, has been already published.
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