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Abstract.  At GSI, Darmstadt, an extended series of measurements on nuclear-reaction products has been performed. The work is based on an innovative experimental approach, which exploits the unique installations of GSI: The accelerator complex provides heavy-ion beams at relativistic energies, while a high-resolution magnetic spectrometer is used to identify the reaction products in-flight and to determine their kinematical properties. The storage ring extends the facility to a unique place for determining the ground-state masses of exotic nuclei on large areas of the chart of the nuclides. 

Introduction

Intense efforts for systematically providing nuclear data have a long tradition. Right after the discovery of nuclear fission, the determination of neutron-capture cross sections of different materials and the yields of prompt and delayed fission neutrons established the basic knowledge for the development of nuclear technology. Practically all nuclear data, important for the design of conventional fission reactors, have been experimentally determined. Plans for modern developments like the accelerator-driven system (ADS) changed the situation drastically: Due to the extension of the energy range up to 1 GeV, it has become impossible to provide all relevant nuclear data by dedicated experiments. Instead, a different approach has to be taken, according to which some experiments provide key information for a number of well selected cases, which are used for developing appropriate codes, for covering the whole field. Therefore, these experiments should not only provide high-quality data but also enable a very good understanding of the physics. 
In this extended sense of research on nuclear data, a number of experimental programs have been carried out at the GSI heavy-ion facility during the last years. The installations of GSI provide unique conditions for experiments in inverse kinematics, which overcome many limitations of conventional experiments. The experiments aimed for measuring complete nuclide distributions, establishing the reaction kinematics and determining ground-state masses in regions which were not accessible before.
The GSI FACILITY

The installations of the GSI heavy-ion facility, which are essential for the experiments presented in this contribution, are schematically shown in Fig. 1. The beam from the ion source is injected into the UNILAC linear accelerator and leaves it with an energy of 12 A MeV. The SIS heavy-ion synchrotron accelerates it further up to about 1 A GeV. A target for the production of secondary beams is mounted at the entrance of the spectrometer FRS. The FRS and the storage ring ESR allow for studying the reaction products in-flight. The FRS serves as a high-resolution magnetic spectrometer and as a separator for radioactive beams, respectively, in the different experiments. The experimental storage ring ESR stores the ions and serves as a kind of trap for the high-energy ions. 
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Figure 1.  Installations of the heavy-ion facility GSI used in the experiments presented in this contribution.

EXPERIMENTAL ApproachES
Nuclide Identification

After being monitored [
], the primary-beam impinges on the target. The reaction products are separated and identified in the fragment separator FRS [
] and the associated detector equipment, shown in Fig. 2. The FRS is a two-stage magnetic spectrometer with a dispersive intermediate image plane (S2) and an achromatic final image plane (S4). The acceptance of the fragment separator is about 3 % in momentum and 15 mr in angle around the beam axis. Two position-sensitive plastic-scintillation detectors [
], placed at S2 and S4, provide the magnetic rigidities (Bρ) and the time-of-flight measurements. 
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 Figure 2.  Schematic drawing of the fragment separator and of the detector equipment.
The mass-over-charge ratio is determined from the equation
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where M(A,Z) is the mass of the nucleus with atomic number Z and mass number A, υ is the velocity, γ the Lorentz factor, and e the elementary charge. The nuclear charge is identified using an ionization chamber (MUSIC) [
]. The mass resolving power A/(A=400 is sufficient to identify all reaction products unambiguously.
High-Resolution Momentum Measurements

Once the reaction residue is identified, the measurement of its magnetic rigidity, deduced from the horizontal position at the intermediate dispersive image plane of the fragment separator, gives precise information on its longitudinal momentum. Measurements with different magnetic fields are combined to fully cover the momentum distributions of the residues. The momentum of individual reaction products is determined with a relative uncertainty of 
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5(10-4, which is about an order of magnitude more precise than the time-of-flight measurement performed with the scintillation detectors on a flight path of 36 m.
Mass Measurements

Radioactive isotopes from the production target mounted in front of the fragment separator and pre-selected by the separator are injected into the experimental storage ring ESR [
]. The ground-state masses are determined with a resolving power of about 2·106 by two different methods.
Schottky Mass Spectrometry
The revolution frequencies of electron-cooled circulating ions in the ESR are measured by the non-destructive Schottky-diagnosis technique [
]. Due to the necessary cooling and measuring time only nuclei with half-lives larger than 30 s can be investigated.

Isochronous Mass Spectrometry
 The revolution times of the ions in the ESR are measured with a dedicated timing detector with extremely high time resolution [
]. For this method, the storage ring is operated on transition and no cooling of the ion beam is required. Thus, masses of nuclides with half-lives as short as 10 μs are obtained. 
results

Systematic Determination of Nuclear Masses

Time-resolved Schottky Mass Spectrometry

Direct measurements of projectile fragments with the time-resolved Schottky Mass Spectrometry (SMS) [
] have been applied for systematic mass determinations on relatively long-lived neutron-deficient nuclei, which are linked to stable nuclei only by beta decay. The achieved mass accuracy was typically 30 keV. In addition, the masses of a large number of additional nuclides were indirectly determined by means of known decay energies (α, β or proton). The measured masses cover a large area of neutron-deficient nuclides from krypton to uranium (see Fig. 3). The data were included in the latest Atomic Mass Evaluation (AME) [
].
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Figure 3. Nuclei investigated by mass spectrometry at GSI presented on the chart of the nuclides.
Isochronous Mass Spectrometry

Isochronous Mass Spectrometry (IMS) [
] was used with uranium fission fragments. Masses of 41 short-lived neutron-rich nuclides in the element range of 32 ≤ Z ≤ 57 were measured for the first time [
]. A mass resolving power of 2 × 105 (FWHM) was achieved with a typical uncertainty of about 2×10−6. The new masses belong to very exotic nuclides close to the astrophysical r-process path. Thus, they are of great importance for testing the predictive power of current mass models which are extensively used for astrophysical calculations.
Nuclide Distributions

The nuclide distributions
 of the reaction products from a number of key reactions, 238U + 1,2H, Ti [
, 
, 
, 
, 
], 208Pb + 1,2H, Ti [
, 
, 
, 
], 197Au + 1H [
, 
], 136Xe + 1H [
], 56Fe + 1H [23, 
], 238U + 208Pb [
], 136Xe + 208Pb [
], mostly at 1 A GeV, but some also at lower beam energies, have been systematically determined. Fig. 4 shows the nuclide distribution for the system 238U + 1H at 1 A GeV as an example. The two regions, populated by spallation-evaporation (above dysprosium) and spallation-fission reactions (up to dysprosium) are clearly seen.
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Figure 4.  Measured nuclide cross sections from the reaction 238U + 1H at 1 A GeV on the chart of the nuclides. The color code gives the cross sections according to the indicated scale.
This is the first time that practically complete nuclide and velocity distributions in fragmentation reactions of heavy nuclei were determined. Conventional experiments, which relied on gamma-spectroscopic measurements of targets or catchers, irradiated by high-energy projectiles, could determine the independent yields of only some specific nuclei in an adapted half-live range prior to radioactive decay. 
These results are relevant for deducing the nuclide production induced in the bombardment of the converter target and other construction material in an ADS, important e.g. for shielding and long-term radioactive inventory. They also represent a valuable basis for benchmarking and improving nuclear-reaction codes.
The kinematical properties of the reaction products are relevant for the radiation damage induced in construction material due to the exposure to high-energy particles. Some more fundamental aspects on the properties of nuclear matter which are important for a better understanding of nuclear matter and nuclear reactions in general will be discussed below.

Isospin Thermometer

The study of the properties of nuclear matter with extreme N/Z ratio has come into the focus of recent research activities due to its importance for the understanding of supernova explosions and the stability of neutron stars. Many important results have been obtained by detecting light nuclei (A ≤20) in full-acceptance experiments. The systematic results on nuclide distributions in fragmentation reactions, mentioned above, allow extending these investigations to heavier nuclei. 
Fig. 5 shows an overview of the data on the mean neutron-to-proton ratio <N>/Z of the isotopic chains measured for two systems. Fragments from projectiles with different N/Z are shifted in their <N>/Z values: The residues formed by fragmentation of 238U (N/Z = 1.587) are more neutron rich than those formed in the fragmentation of 208Pb (N/Z = 1.537).
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Figure 5.  Mean neutron number of isotopic distributions divided by Z as a function of the atomic number for the systems 238U + Pb (open triangles) and 208Pb + Ti (full points). The data are compared with ABRABLA calculations without a break-up phase and with a break-up phase, using a freeze-out temperature of 5.5 MeV.
These results show that there is a memory of the neutron excess of the projectile found in the projectile fragments over the whole mass range investigated.
In Fig. 5, the <N>/Z values of the light fragments from 238U and 208Pb on Ti at 1 A GeV, are also compared with the results of the statistical fragmentation code ABRABLA. The model includes an abrasion stage, where the excited spectator is formed, and a successive de-excitation phase through an evaporation-fission competition. In between these two stages, a break-up stage was introduced, where a heavy fragment is formed along with smaller clusters. The result shows that a good agreement with the data is achieved when the break-up stage is taken into account with a freeze-out temperature of 5.5 MeV. The calculation with a 2-stage abrasion/evaporation model places the final residues on the more neutron-deficient side of the nuclear chart. Consequently, the <N>/Z of the final products carries information on the temperature at the beginning of the evaporation cascade, thus establishing the method of the isospin thermometer [
].
Recently, high-precision data on invariant cross sections have shown that break-up has to be considered also in the interactions between protons and light nuclei, e.g. iron, at 1 A GeV [
], what can be essential for the applications in nuclear technology and astrophysics.
Structural Effects in the Superfluid Phase
The yield distributions of the residues produced in high-energy fragmentation reactions show a pronounced fine structure. Due to the full identification of the residues over extended regions of the chart of the nuclides, this effect could be studied for the first time in its full complexity. Fig. 6 shows the yields of the light residues from the reaction 238U + Ti as an example [
]. Chains of even-mass nuclei show an enhanced production of even-Z nuclei, while an enhanced production of odd-Z nuclei is observed in odd-mass nuclei. The chain N=Z shows the strongest even-odd effect, while the chain N-Z=5 shows the strongest reversed even-odd effect. Most features of these results are reproduced by statistical evaporation calculations [29] and can be interpreted as the result of the condensation process of heated nuclear matter cooling down in the evaporation process. The observed fine structure is the manifestation of the passage form normal liquid phase of the nucleus to its super-fluid phase. 
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Figure 6.  Formation cross sections of the projectile-like residues from the reaction 238U + Ti, 1 A GeV. The data are given for chains along even values of N-Z (upper panel) and odd values of N-Z (lower panel).
These findings have important consequences for the prediction of specific nuclide yields, e.g. for nuclide production in the transport of heavy cosmic particles through the interstellar space or for the application of isotopic yields for the isotopic-thermometer method [
].
Excitation of the Nucleon in the Nuclear Medium
The momentum distributions of bismuth isotopes, produced by charge-pickup reactions, were determined for the systems 208Pb + 1,2H at 1 A GeV [20]. Fig. 7 shows the velocity spectrum of the charge-exchange product 208Bi. The high momentum resolution of the FRS allows distinguishing quasi-elastic collisions of a projectile neutron with a target proton from a transformation of a projectile neutron into a proton via the excitation of the Δ(1232)-resonance, corresponding to an energy transfer of about 400 MeV. The spectra obtained with the two targets show different relative yields for the two processes. They reveal the different characteristics of neutron- and proton-induced collisions with the projectile nucleons.
[image: image9.png]Normalised yields / (a.u.)

Energy transfer in the lab frame / MeV
800 600 400 200 0 -200

0.10

-0.06 -0.04 -0.02 0.00 0.02
Velocity in the projectile frame / (cm/ns




Figure 7.  Velocity distribution, in the projectile frame, of 208Bi, formed by charge-exchange from 208Pb projectiles in collisions with protons (full histogram) and deuterons (dashed histogram) at 1 A GeV. 
Momentum Dependence of the Nuclear Mean Field

The precise measurement of the kinematical properties of the spectators represents a new tool to study the in-medium nucleon-nucleon interactions [
]. This method exploits the direct impact of the participant’s expansion on the kinematical properties of the surviving heavy spectator remnants. The mean velocities of the spectator residue measured in reaction 238U+Ti is shown in Fig. 8 as a function of the final residue mass. Fission events are exluded.
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Figure 8.  Mean values of the velocity distributions of reaction residues, excluding fission, produced in the reaction 238U + Ti at 1 A GeV in the rest frame of the projectile in comparison with the Morrissey systematics (dashed line). The data are shown as a function of the residue mass.
From Fig. 8 it can be seen that the mean velocity of the heaviest residues, corresponding to the largest impact parameters, decreases with increasing mass loss as given by the Morrissey systematic [
]. However, for the less peripheral collisions, leading to lighter fragments, the velocities of the fragmentation products do not decrease any more. The velocities of the lightest fragments even tend to increase, until finally they become even faster than the projectiles. According to theoretical calculations, this acceleration found for the light reaction residues is a consequence of the momentum dependence of the nuclear mean field [
]. This property is rather unique compared to most experimental signatures, which are sensitive to both the hardness of the EOS and the momentum dependence of the mean field.
Fission
A few additional studies concerning nuclear fission, which are relevant for fission-based nuclear technology, should also shortly be mentioned.
Systematic study of the evolution of fission channels
Using the secondary-beam facility of GSI, a new kind of fission experiment has been performed. Fission properties of short-lived neutron-deficient nuclei, produced as secondary beams, have been investigated in inverse kinematics [
]. The measured element distributions, see Fig. 8, mapped the transition from symmetric to asymmetric fission and extended the syste-matics of shell structure and even-odd effects [
, 
] and led to an improved understanding of structure effects in nuclear fission. 
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Figure 9.  Measured fission-fragment element distributions. Fission was induced by electromagnetic excitations of secondary beams at 460 A MeV in a lead target.

Direct insight into transient effects in fission

A new experimental approach has been introduced to investigate the relaxation of the nuclear deformation degrees of freedom [
]. Highly excited fissioning systems with compact shapes and low angular momenta are produced in peripheral relativistic heavy-ion collisions. Both fission fragments are identified in atomic number. Fission cross sections and fission-fragment element distributions are determined as a function of the fissioning element. The comparison of the experimental observables with model calculations indicates that the collective nuclear motion up to the saddle point is critically damped.
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