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This document describes a set of coherent technological solutions in the view of the definition of a future electronic system to readout data on TPCs for various nuclear physic experiments.
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1.4. Electronic and physics history

2. Scientific Cases

2.1. For Actar

2.1.1 Opportunities with Radioactive Ion Beams
The physics cases for the active target can be characterized under the general denomination of direct and resonant reactions induced by radioactive beams. Forty years ago, stable nuclei were studied in direct kinematics with beams of light ions, and a wealth of nuclear structure information was obtained from direct reaction results. With radioactive beams, these reactions are nowadays studied in inverse kinematics on light target nuclei such as protons, deuterons or alpha particles because light nuclei are known to be the best probes to extract nuclear structure information. Since all these light nuclei are gases, they can be used as detection gases in active targets.

Reactions of interest include elastic and inelastic scattering; transfer of one, two, or few nucleons; resonant reactions where states in the compound nucleus are investigated. In the following sections we present these cases and discuss the use of the active target method.

From the above list, it is clear that the physics cases considered for the active target cover a very broad range of nuclei, from light halo nuclei up to the relatively heavy beams, which will be available for example at SPIRAL2 and REX-ISOLDE. The energy range also goes from the lowest energies of an ISOL post-accelerated facility for resonant reactions studies up to several tens or hundreds of MeV/nucleon of the in-flight facilities for matter density determination and, giant resonance studies. Active targets have the possibility of exploiting all these regimes, as already shown by the results obtained with the present devices.

2.1.2 Elastic scattering

The simplest of all reactions, elastic scattering, is used at high energy (few hundreds MeV/nucleon) to study matter density distributions. A complete experimental program is dedicated to this subject at GSI with the IKAR active target, and has produced many impressive results on the matter density distributions of halo nuclei [1,2,3]. At lower energy, elastic scattering is often the first reaction to be studied, because the cross sections are high, and also because it allows to determine the parameters of the optical potential which is needed to analyse inelastic scattering and transfer reaction data.

2.1.3 Spectroscopic studies with inelastic scattering and transfer reactions

The second type of experiments where active targets can have a large variety of applications is structure studies of very exotic nuclei from inelastic or transfer reactions.

Proton inelastic scattering can yield important information on the structure of nuclei, in particular on transition densities. Protons interact with both protons and neutrons in the nucleus, whereas Coulomb excitation on a heavy partner or lifetime measurements probe directly only the proton density distributions. The combination of the two types of measurements can disentangle proton and neutron contribution to excited states [4,5]. Another possible use of inelastic scattering is to study giant resonances, in particular the giant monopole resonance, as detailed in section 2.1.5.

One-nucleon transfer reactions are particularly useful as a spectroscopic tool due to their selectivity in favour of the population of single-particle (or hole) levels. The application of such reactions to exotic nuclei is a major tool to explore the evolution of the shell structure with isospin. The excitation energies of the different states in the nucleus under study can be obtained directly from the measured energy spectra. The Q-values measured for the ground state in these spectra sometimes provide the first determination of the mass in the case of very exotic nuclei, at the limit of drip lines or even beyond [6]. While the angular distributions of the differential cross sections depend on the transferred angular momentum, and therefore bring information on the spin and parity of the state, the absolute values of these cross sections are directly related to the spectroscopic factors and therefore to the structure of the states. Major results have already been obtained, in particular from (d,p) reactions [7]. Other reactions such as (p,d), (d,t) or (d,3He) are also considered to study neutron hole or proton hole states, respectively.

Many regions of the nuclear chart are of particular interest for transfer reaction studies. The light nuclei, where the drip lines are accessible and where many exotic properties have been evidenced, such as one-neutron and two-neutron halos, or borromean structures, have already been studied extensively but many experiments suffered from the lack of statistics, which prevented to draw firm conclusions. The availability of higher intensities in the next-generation facilities will help to shed some light on several controversial results in systems such as 5,7H or 7,9He. The change of shell structure in regions far from the valley of stability has opened a new challenge to our traditional models of the nucleus. Some of the conventional shell gaps have been quenched in extreme neutron-rich regions while new ones have surfaced up. A complete understanding on the evolution of nuclear orbitals over the nuclear chart is therefore now an important task. The nuclei far from stability corresponding to both the traditional magic numbers and to the predicted new ones, are of course the focus of transfer reaction experiments. The new regions of nuclei that will become accessible with SPIRAL2 with unprecedented intensities are a strong motivation for the development of new generation detection devices such as ACTAR.

Finally, transfer reactions are also an important tool for nuclear astrophysics experiments. Despite recent improvements in detection systems, the direct study of some astrophysically important reactions is simply not feasible at the relevant energies and thus indirect techniques must be exploited.  However, many of the reaction rates under investigation are dominated, at astrophysical temperatures, by the contribution from one or two resonances, and so information on the properties of these resonances (energy, spin and width) allows the contribution to the total reaction rate to be calculated. Transfer reactions, such as (d,p) and (3He,t), are powerful tools for investigating these properties for key energy levels in the relevant nuclide.

In general transfer reaction experiments use a sophisticated set-up, which consists of a spectrometer to detect the projectile residue, an array of solid-state detectors such as TIARA [8] or MUST2 [9] to detect the light target recoil, and a gamma spectrometer to detect in coincidence the de-excitation gamma rays. This is needed when the nucleus under study has a high density of excited states, where gamma-ray detection is the only way to obtain the needed resolution. Moreover, the target thickness is limited due to the very low energy of the recoil nucleus. As a consequence, this type of detection set-up requires reasonable beam intensities, of the order of a few 104-105 particles per second (pps) at minimum.

The advantage of active targets in this kind of studies lies in the possibility of using high pressures and thus having a very large target thickness, that allows performing precise measurements already with beam intensities as low as 103 pps. There exists therefore a niche for active target experiments with the most exotic nuclei where incident intensities are too low, or when the recoil nucleus has such a low energy that it cannot exit from a solid target without drastically destroying the energy resolution. Schematically, such active targets will increase the sensitivity by two orders of magnitude with respect to pure Si devices such as MUST2, therefore allowing to reach nuclei with two nucleons further away from stability.

2.1.4 Resonant reactions

Resonance reactions allow for the production and observation of particle-unstable isotopes, or highly-excited unbound states in nuclei. In both cases, the reaction is performed in inverse kinematics and the states of interest are populated by the resonant capture of a (light) target nucleus onto the incident nucleus. The nuclear state which is created decays after a very short half-life, depending on its decay width. The measurement of the decay channels allows the deduction of spectroscopic information on the nuclear state populated, its energy, its spin and parity, and other characteristics.

When one particular state is studied, the beam energy is chosen in order to cover the corresponding centre of mass energy when the beam is degraded through the target, usually a CH2 foil in case of a reaction on protons. In this case the light particles corresponding to the various decay channels escape the target and are detected in the forward direction. Alternatively, an excitation function on a broader range can be obtained by using a very thick target – a gas target is preferred in this case in order to avoid degradation of the light-particle energy. A gas target is also necessary when studying resonant reactions on alpha particles. Among the exit channels, elastic scattering has the advantage of having by far the largest cross section. Resonant scattering on protons with a neutron-rich AZ nucleus can be used to populate the Isobaric Analogue States (IAS) of the A+1Z nucleus and deduce information on their structure [10], complementing the (d,p) reaction method. Resonant scattering on alpha particles are used to study states that present pronounced molecular structures [11]. More in general, resonant reactions are particularly interesting for nuclear astrophysics, for which many processes of interest proceed through resonance states. A precise knowledge of the structure of such states can be obtained through the measurements of the various decay channels (elastic, inelastic, other particle-emission channels) after population with reaction on protons or alpha particles.

Such studies have been performed up to now using conventional set-ups with solid state detectors (sometimes placed within the volume of the target gas [12,13]). These types of experiments will strongly benefit from the use of active targets, because of the possibility of improving resolution by the determination of the position of the reaction vertex. Several groups are already using such devices [14] or are presently constructing new active target devices for that purpose [15,16,17].

2.1.5 Inelastic scattering and isoscalar giant resonances

The study of the compression modes, the isoscalar giant monopole (ISGMR) and dipole (ISGDR) resonances, in stable nuclei has been pursued for the last three decades with the aim to determine the incompressibility of nuclear matter [18]. This fundamental property of nuclear matter is of crucial importance. It determines the excitation energies of the compression modes and, as an important parameter of the equation of state (EOS), it plays a crucial role in nuclear collisions and in the outcome of the collapse of heavy stars in what is known as supernova explosions. Through these extensive experimental and theoretical studies, it is now accepted that the incompressibility of nuclear matter K∞ has a value of around 230 MeV. The asymmetry term in the expansion of the nucleus incompressibility Kτ has been poorly determined, since it requires studies of the compression modes in an isotopic chain spanning a wide range of δ = [(N-Z)/A] values. This has been done recently for the stable Sn nuclei and a value of Kτ = (-550 ± 100) MeV was obtained [19].

With the availability of exotic neutron-rich and proton-rich nuclei, it becomes possible to cover a wider range in δ-values allowing a more accurate determination of Kτ and also of K∞, because of the slight dependence of these two parameters when extracting them from a limited set of data. Furthermore, in these exotic nuclei new phenomena emerge, such as pygmy resonances that are multipole strengths reflecting the collectivity due to the extra neutron-skin or proton-skin relative to the core.

The study of giant resonances in unstable nuclei is quite involved experimentally and has up until recently been restricted to the study of isovector giant dipole resonance (IVGDR) in a number of nuclei at GSI [20,21] and RIKEN [22]. Recently Monrozeau et al. measured the ISGMR and giant quadrupole resonance (GQR) in the exotic 56Ni nucleus [23] using MAYA. The centroid of the ISGMR was determined with an uncertainty of 0.5 MeV.

The measurement relied on the detection of the recoil deuterons from the inelastic scattering of the beam particles on the D2 gas in MAYA; the uncertainty of the result is related to the difficult measurement of the range of the deuterons. A significant improvement could be obtained with the use of ACTAR, since a more precise determination of the reaction vertex and track lengths would be possible; and the use of He as a gas would bring an increase of the cross section.
2.2. For AT-TPC

2.3. For 2p-TPC

2.3.1 Exotic decay modes at the driplines

TPC-type detectors present very interesting features in the study of exotic radioactivities, such as two-proton radioactivity, which require the precise determination of the energy and angle of the individual protons; or beta-delayed multi-particle emission, where the nature and correlation of the emitted ions is of interest.

Such exotic decays are sensitive probes to study nuclear structure at the limits on nuclear stability. Often these decays are the only means to access information this far from stability. In addition, these decays or their reverse, i.e. the capture of particles are of prime importance in astrophysics.

Two-proton radioactivity is supposed to give access to basic information like proton-proton pairing in nuclei, but also on final-state proton-proton interactions [24]. Detailed theoretical models reproducing the experimental results will also allow to determine the composition of the wave function of the emitting nucleus in terms of the orbitals contributing to the decay and the mixing of the different spin contributions (“j-content'” of the wave function). In certain cases, the tunneling process might also be studied while the deformation changes between the parent and the daughter nucleus, a particularly challenging task. Two-proton capture, the reverse process of two-proton radioactivity is discussed as a possible bridge to overcome the slowing-down of the astrophysical rp-process at waiting points like 68Se or 72Kr [25].

Studies of exotic decays like two-proton radioactivity or beta-delayed multi-particle emission are usually performed at fragmentation facilities like GANIL/LISE, GSI/FRS, MSU/A1900 or in the future at RIKEN/BigRIPS or FAIR/SuperFRS where the most exotic nuclei are produced in the most efficient way. Such studies cannot be done with silicon detector arrays as it is done for simpler decays, because the different particles emitted in these decays cannot be resolved due to their range.

As the particles cannot escape from the detectors, only the total decay energy, the half-life and the branching ratios can be accessed. However, to measure e.g. the energy sharing of the different particles or their relative emission angle, which are the observables which allow studying the decay dynamics and to perform detailed comparisons with theoretical models; or in order to distinguish between single-particle emission and multi-particle emission, the individual particles have to be observed with their energy and their angle. This is only possible with gas detectors allowing to visualize individual particles in three dimensions.

Beyond the measurement of the observables mentioned above, another challenge for the study of two-proton radioactivity is the fact that the two-proton emitters have rather short half-lives of the order of 2-10 ms. This means that the experimental device has to be able to treat the implantation of the emitter and its decay in a very short time, which is at or often beyond the limit of data acquisition systems used today. In order to study these decays without significant losses due to acquisition dead time, the detector itself, the electronics and the data acquisition has to be tailor-made for these applications. Typically, the GANIL data acquisition in its standard implementation loses about 30% of the decay events of 45Fe due to its dead time.

2.4. For Samouraï TPC

2.5. For Detector R&D

The GET electronics will be tested using a by a prototype-TPC assembled for this purpose. The final validation of the system will be made in nuclear physics measurements.

Two key experiments are being considered to test the main functionality of the GET electronics in very different configurations. The selection of the experiments is also made in order to cover the two main physics cases considered for the applications with the GANIL/SPIRAL2 ion beams.

· Transfer reactions: 12C(8He,7H)13N. This one-proton transfer reaction can be used to produce the unbound 7H system. A measurement took place with MAYA [6]; in that occasion seven events were observed. The use of GET electronics, implemented in a MAYA-type active-target detector, will allow collecting a significantly larger statistics, to validate the observation of the 7H ground state and its characteristics (its position, the surprisingly narrow width, its spin). A larger statistics (about one order of magnitude) will be achieved by a) an increase of the gas pressure in the target by a factor 2 or 3, and b) the increased geometrical efficiency for the detection of the recoil 13N tracks, which identify the reaction channel. A higher pressure translates directly in a larger target thickness; however, the tracks of the recoil 13N are shortened by the same factor. An increased density of detection pads, and thus readout channels, is then necessary to provide the resolution required for the identification of the recoil nuclei. Concerning the efficiency, the current limitations in MAYA (the tracks must span several pad rows) will be lifted thanks to the readout ensured by GET. GET will be tested with respect to the high data throughput, dynamic range, noise threshold, at the highest sampling frequency.

· Two-proton decay studies. In another experiment, the GET electronics will be tested in the case of radioactive decays. Two-proton radioactivity of e.g. 45Fe is in competition with other complex decay modes like beta-delayed 2- or 3-proton emission. The present version of the Bordeaux TPC [26] does not allow distinguishing these decay modes efficiently. In particular, if the projection of the proton traces on the detection plane overlap, the fact that the present version of the TPC has no flash-ADC like timing signals hinders the identification of these traces. The GET electronics will allow clearly identifying and distinguishing these decays. Another problem resolved by the GET electronics is related to the data acquisition dead time. The implantation-type event of a 2p emitter (e.g. 45Fe) is followed closely in time by the radioactive decay. The test of the prototype electronics will allow verifying that the data through-put is fast enough to prevent loss due to an excessive dead time of the system. Finally the test of the prototype will also allow studying whether problems due to rather different dynamical ranges between and implantation-type event and a decay event can be handled routinely.
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