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Radioactive Ion Beam

The first beam of post-accelerated radioactive ions was realized in 1989 at the Louvainla-Neuve research facility. The method employed two coupled cyclotrons to produce, separate and re-accelerate the species of interest. Several technological challenges were solved in the process, to obtain pure and intense beams for use in nuclear physics research. Similarly, new techniques were developed and refined for the measurement of the nuclear reactions induced by the radioactive beams. The available energy range made the facility particularly suited for nuclear astrophysics studies, and important results were obtained in the determination of stellar reaction rates using beams of 7 Be, 13 N, 18 F, 18,19 Ne. A beam of 6 He ions was extensively used in studies of the nuclear structure (halos, molecular states) and dynamics (the reaction process at energies around the potential barrier).

Introduction

Started in 1987 through a collaboration between the Belgian universities of Louvain-la-Neuve (UCL), Brussels (ULB) and Leuven (K.U.Leuven), the so-called RIB (Radioactive Ion Beam) project aimed to couple the two cyclotrons at Louvain-la-Neuve in order to produce an intense, energetic radioactive ion beam. On June 22, 1989, after two years of developments, a first beam was post-accelerated: a million 13 N ions per second were accelerated to an energy of 8 MeV [1]. In December 1990, a first experiment was carried out: in 33 hours of beam time the cross section of the proton-capture reaction on 13 N was measured using a 3 × 10 8 particles per s (pps), pure (∼99 %) 8.2 MeV 13 N beam [2]. Since then various beams of radioactive isotopes ranging from 6 He (T 1/2 = 0.8 s) to 35 Ar (T 1/2 = 1.7 s), with intensities from 1 × 10 5 pps ( 35 Ar) up to 2 × 10 9 pps ( 19 Ne), were developed and many experiments in nuclear astrophysics and nuclear structure were performed. Later on, the CYCLONE 44 cyclotron was designed and built specifically for experiments in nuclear astrophysics [3]. The RIB project came to an end in 2009.

Reaction studies with post-accelerated radioactive ion beams first of all require intense and pure beams at the right energy. The processes involved in arriving at this goal are the primary production in the target, the release out of the target, the transport to the ion source, the ionization to the desired charge state, the post acceleration and final beam manipulation. At the secondary target an efficient and selective detection set up which is able to cope with the intrinsic radioactivity of the secondary beam is needed. As the RIB facility at Louvain-la-Neuve was the first to deal with these issues, a description of the different developments undertaken are given in section 2. The following sections deal with nuclear astrophysics, nuclear structure and with reaction mechanisms around the Coulomb barrier studied at Louvan-la-Neuve using RIBs.

The production of RIBs at Louvain-la-Neuve

The layout of the RIB facility in Louvain-la-Neuve, which displays all the features of subsequent reaccelerated beam ISOL (Isotope-Separation-On-Line) facilities, is shown in Fig. 1. The coupled-cyclotron method is used to produce and post-accelerate the radioactive ion beams: the first cyclotron, CYCLONE 30, which is a 30 MeV proton accelerator, developed for medical purposes [4], produces the desired unstable isotope in suitable targets. Beam intensities up to 300 µA are used to irradiate the production target.

The resulting activity diffuses out of the hot target and is fed into an ECR ion source for ionization. The source operates at 6.4 GHz and is designed to produce with a high efficiency ions in relatively low-charge states [5]. After a first magnetic separation in a low mass-resolving dipole, the ions are injected in the second cyclotron, CYCLONE 110, for subsequent acceleration up to the desired energy. The publication, presenting the first beam obtained [1], describes all the ingredients of this process.

The primary production

The possibilities of producing radioactive species with the protons from CYCLONE 30 are limited to nuclei close to stability owing to the limited energy but one can produce very large quantities as the primary beam intensity can reach 300 µA. The choice of the production target is governed by the yield of the reaction, by the behavior of the target material under intense proton bombardment and by its release properties. The first beam developed at Louvain-la-Neuve was 10-min 13 N and its development will serve as a guideline to describe the whole RIB production process. A dedicated yield study considering two possible reactions for the production of 13 N was set up [6]. The chosen reaction (30-MeV p + 13 C) has a yield of 1.6 13 N nuclei per 1000 incoming protons.

Target-ion source system and development of some beams

Fast and efficient target-ion-source systems have been developed over the years at different ISOL facilities. However a special challenge was encountered at Louvain-la-Neuve as the power delivered in the thick target by the 300 µA 30 MeV proton beam reaches 6 kW, a record at that time. A robust target made of 13 C pellets, obtained by graphitizing 99% enriched 13 C powder was developed [7]. The release of the radioactive products out of the target was studied in off-line and on-line conditions [8]. The irradiated target not only releases the wanted radioactivity but also large quantities of unwanted radioactive and stable products. Chemical and/or cryogenic traps are used to reduce the contamination. The ion source needs to cope successfully with these hostile conditions in order to maintain its fast and efficient ionization. An electron cyclotron resonance (ECR) ion source was specifically developed for this and the efficiency and lingering time of different gasses studied [9]. In order to reduce the sticking, a quartz tube was installed in the source since quartz forms a rather inert surface. This resulted in an on-line efficiency for 13 N of 8% [9]. Another strong point of ECR sources is the relative high-charge state that can be reached with good efficiency. This facilitates the post-acceleration process considerably. Furthermore their ion-optical characteristics are well adapted for injection into cyclotrons. Next to the fully on-line approach where the production with the CYCLONE 30, the extraction out of the target, the ionization, mass separation and post acceleration with CYCLONE 110 all follows in a fast and continuous mode leading to beams of radioisotopes as short-living as 800 ms, a semi on-line mode was also developed for the production of 109.8-min 18 F [10] and an off-line batch method for the production of 53-days 7 Be [11]. The beams that were developed and post-accelerated at Louvain-la-Neuve are 6 He, 7 Be, 10,11 C, 13 N, 15 O, 18 F, 18,19 Ne and 35 Ar.

Purity of post-accelerated RIBs

Post-accelerated radioactive ion beams are mainly used for reaction studies. This imposes specific problems not encountered so dramatically with stable beams. RIBs are typically weak in intensity, sometimes contaminated and, of course, radioactive. The intensity depends on the reaction used and on the target-ion source system, both discussed above, and on the efficiency of the post acceleration. CYCLONE 110 reaches 10% efficiency for the acceleration of stable nitrogen while in on-line conditions the efficiency for 13 N is 4% [1]. The 13 N beam is 10 3 -10 4 times weaker than the isobaric contaminants 13 C and 12 CH. The relative mass differences with the 13 N ions are about 1.7 × 10 4 . The 12 CH 1+ molecular ions can be removed by employing a thin carbon foil where the molecular ions are dissociated and the products separated magnetically. The cyclotron can now be tuned as a radiofrequency mass spectrometer by reducing the acceleration voltage in order to increase the number of turns in the machine and therefore separates the 13 C contaminant from the 13 N beam. This method results in an isobaric suppression factor of 10 -6 while maintaining the efficient transmission through the cyclotron [12].

As the 13 N beam was the first post-accelerated ISOL beam developed it is instructive to examine Table I of the article describing the production process [1]. There a comparison is made between the off-line efficiencies of all the production steps and the final on-line efficiencies. Compromises have to be made when the different steps are brought together and a stable system running over several days is the final goal. The expected production by combining all off-line determined parameters was 6 × 10 10 pps while on-line 1.5 × 10 8 pps was routine. Such a reduction is normal and should be taken in account when planning new facilities or experiments. Finally these results could only be achieved through a close collaboration between the accelerator engineers and the physicists.

Nuclear astrophysics

Understanding the role of nuclear processes in astrophysical sites is a topic of great current interest and addresses questions such as how energy is generated in stars and how the chemical elements are synthesized. The advent of radioactive ion beams has created new opportunities to measure directly important capture reaction rates or to obtain crucial information through indirect methods. A recent review on the impact of experiments with radioactive ion beams on the field of nuclear astrophysics can be found in Ref. [13]. In this section we will concentrate on the methods that were specifically developed for the reaction studies with RIBs, on the pioneering experiments at Louvainla-Neuve related to the hot hydrogen burning CNO cycle and its link to the NeNa mass region, and will conclude with a short overview of recent experiments.

Methods

The reactions of astrophysical interest using RIBs in inverse kinematics impose specific requirements: firstly on the secondary target, and secondly on the detector set-up, which should be highly efficient as the secondary beam is in general of very low intensity and the reaction yield in the astrophysical energy domain is generally low. The detection set-up, however, must also cope with the radioactivity of the secondary beam. Finally reactions of astrophysical interest are typically measured in a well-defined energy domain.

As hydrogen and helium are the main ingredients of stars, reactions induced by these particles are of prime importance. However in order to study these reactions with RIBs, inverse kinematics has to be used implying the necessity of developing hydrogen and helium targets adapted to such experiments. For the 13 N(p,γ) 14 O reaction a feasibility study using the 13 C(p,γ) 14 N reaction was conducted comparing the resonance parameters obtained in inverse kinematics with an extended gas target (thintarget yield) and with a polyethylene foil (thick-target yield), with results from normal kinematics where thin and thick 13 C targets were bombarded with protons [14]. The loss in hydrogen of the polyethylene target was determined as a function of irradiation time and beam intensity (0.5% per hour per particle nA).

Helium targets were developed by implantation in thin Al foils, where concentrations of 10 17 -10 18 at/cm 2 [15,16] were possible, and by using a gas-filled chamber with thin windows [17]. The latter was tested with the 13 N(α,p) 16 O reaction and compared to the inverse reaction 16 O(p,α) 13 N.

There is no universal detection set-up for measuring reaction rates of astrophysical interest as all set-ups have to be tailored to the reaction under study. In the case of the 13 N(p,γ) 14 O reaction a large volume Ge detector was preferred to NaI(Tl) detectors to record the 5.173 MeV capture γ rays [9,12,14].

The amount of 20 Na produced in the 19 Ne(p,γ) 20 Na reaction was measured through the β + -delayed α radioactivity of 20 Na using two different methods and through the β + rays of 20 Na. The key problem was to detect the rare 20 Na radioactivity in the very high background arising from the decay of the unreacted 19 Ne beam. The first set-up for the β + -delayed α registration consisted of the on-line α detection in doublesided silicon strip detectors while the second set-up employed the off-line counting of nuclear tracks in polycarbonate solid state track detectors [18,19]. The detection of the β + decay of 20 Na was performed with the STAR set-up (Solenoid and Telescope for Astrophysical Research) where the combination of a solenoidal field and a stack of plastic scintillators were used to discriminate the β + signal from 20 Na in the background of the 19 Ne beam [20]. All set-ups were first tested with the 19 Ne(d,n) 20 Na reaction which has a considerably higher yield.

Another method which was also based on the detection of the radioactive end product of the reaction of interest (here the 13 N(d,n) 14 O reaction) consisted of detecting with well-shielded large-volume Ge detectors, the γ rays emitted in the β + decay of 14 O, implanted on a movable tape [21].

In a collaborative effort between the universities of Edinburgh and Louvain-la-Neuve, the very successful highly-segmented LEDA charged-particle array was developed to detect, in a strong β + background, relatively low-intensity charged reaction residues [22]. This approach has now been implemented at many places and has become one of the key experimental tools at such RIB facilities.

In a number of cases the sensitivity and selectivity of the detection set-ups described above were not sufficient and the Astrophysics REcoil Separator (ARES) was developed to measure (p,γ) reactions [23]. ARES has been coupled to CYCLONE44, the cyclotron purpose built for RIBs in the astrophysics domain [3].

In principle, in order to measure the proton resonance parameters when using a thin secondary target, the energy of the radioactive beam should be varied. This is a time-consuming process and a method was developed to scan in one measurement many resonances by using thick polyethylene targets [24,25]. The radioactive beam loses energy traversing the target: the initial beam energy and target thickness are chosen in order to cover the centre-of-mass energies of interest. The method, widely applied in Louvain-la-Neuve and other RIB facilities [2,25,26,27,28], has been extended to study the ground and excited states of unbound nuclei, either directly or through their isobaric analogue states: for example 11 N [29] and 19 Na [30,31] in Louvain-la-Neuve, 7 He [32] at the TwinSol Facility of the Notre Dame University. In addition, using α particles as a target, the same method was applied to the investigation of the cluster structure of resonances in selected nuclei (section 4.2).

First measurements

At the start of the RIB project, the primary focus was to measure cross-sections of astrophysical importance with special emphasis on capture reaction sequences from the hot CNO cycle towards the rp process. The reactions studied in Louvain-la-Neuve are shown in Fig. 2. The first result and also the first capture measurement with a radioactive ion beam was the direct determination of the 13 N(p,γ) 14 O reaction cross section which is crucial to determine the stellar conditions under which the hot CNO cycle competes with the cold CNO cycle [2,12]. In the relevant range of stellar temperatures the cross-section is dominated by the p = 0 resonance at E c.m. = 0.545 MeV corresponding to the 5.173 MeV (1 -) state in 14 O. The Γ γ width obtained resulted in a rate twice that previously adopted. In order to fully address the consequences one must also determine the interference of this resonance with the non-resonant capture. Therefore, the proton spectroscopic factors for the non-resonant contribution were measured with the 13 N(d,n) 14 O reaction [21]. No other experiments on the proton capture of 13 N were performed with post-accelerated ISOL beams elsewhere. This is probably due to the fact that the intensities reached at Louvain-la-Neuve (up to 15 particles pA) were already very high. This crucial reaction has been the object of further studies using the in-flight technique at Texas A&M [33], RIKEN [34] and Beijing [35], in particular on the non-resonant part. The dominant uncertainty in the 13 N(p,γ) reaction rate presently arises from the γ width of the 5.173 MeV state in 14 O. Shortly after these first experiments with the 13 N beam, a second important reaction was tackled. In a collaboration with the University of Edinburgh the influence of the 19 Ne(p,γ) 20 Na reaction on breakout of the CNO cycles into the rp process was studied. The reaction rate is believed to be dominated by a resonance at E c.m. = 0.447 MeV corresponding to the 2.643 MeV state in 20 Na, the first level above threshold in the 19 Ne(p,γ) 20 Na reaction. The 2.643 MeV state in 20 Na was previously observed in nuclear reactions induced by stable beams, such as 20 Ne( 3 He,t) 20 Na and 20 Ne(p,n) 20 Na, but the different results are in disagreement which leads to uncertainty in the spin assignment. Depending on the spin assignment the resonance strength estimates vary by almost a factor of 10, but all are considerably lower than the strength of the 13 N(p,γ) 14 O reaction. The resonant scattering in a thick target method described in section 3.1 was first employed to investigate resonances between 650 and 1000 keV [25]. Following this, a series of experiments, all based on the detection of the decay of 20 Na, were performed in the 1990's where more and more stringent limits were set on the resonant strength of the low-lying resonances in 20 Na [18,36,37]. These measurements suffered from a low detection efficiency (≤ 1.5%) and the presence of a background from the 19 Ne(d,n) 20 Na reaction induced by the beam on the deuterium present in the (CH 2 ) n target. The ARES spectrometer was used to overcome these problems and an upper limit of ωγ ≤ 15.2 meV for the resonance strength of the state at 447 keV was obtained [38]. The astrophysical implications of these studies show that the breakout of the CNO cycle to the rp process will be determined by the preceding 15 O(α,γ) 19 Ne reaction.

Further measurements

Following on from the pioneering work with 13 Ne, many more beams have been developed of which 7 Be, 18 F, 18 Ne have also been used for astrophysical studies. Furthermore, owing to the versatility of the LEDA array in its different configurations, not only could the direct measurement of (p,α) and (α,p) reactions be made, but resonance properties from elastic and inelastic scattering experiments could also be obtained (see also section 4).

The 7 Be beam produced in batch mode has made it possible to measure the 7 Be + p elastic cross section in the c.m. energy region from 0.3 to 0.75 MeV. From an R-matrix analysis of the cross section data, the energy and the width of the 1 + resonance in 8 B (E x = 0.77 MeV) was deduced and the astrophysical consequences discussed [39].

The 18 F beam was used for a direct measurement of the 18 F(p,α) 15 O reaction. This reaction, which influences the destruction of 18 F, is important for nova γ-ray astronomy as during nova outbursts the decay of 18 F is the main source of γ-ray emission at and below 511 keV. A series of experiments focussed on reactions with E c.m. above 550 keV [40,41,42]. Evidence for a resonance at 330 keV was found; the strength was later measured at the HRBIF facility [27]. The latest work at Louvain-la-Neuve yielded cross sections down to E c.m. = 400 keV constraining interference effects between 3/2 + resonances in 19 Ne [43]. However, recently a new experiment was performed with the 19 Ne beam to identify proton emitting states in 19 Ne through the inelastic scattering reaction 19 Ne(p,p) 19 Ne * (p) 18 F. Several proton-emitting states were identified and a new broad 1/2 + resonance was found, the low energy tail of which contributes to a significant enhancement of the 18 F destruction rate at nova temperatures (see above). This reduces significantly the chance to observe γ-ray emission of 18 F from a nearby nova explosion with existing telescopes [44].

The 18 F beam was also used in the 18 F(d,p) 19 F * reaction feeding levels above the α separation energy leading to 15 N + α. The resulting spectroscopic factors were used to put new limits to the contribution of low-energy resonances to the rate of 18 F(p,α) 15 O [45].

The 18 Ne beam was used in a study of the 18 Ne(α,p) 21 Na reaction, which can, at high stellar temperatures, be a possible breakout path out of the CNO cycle. Two centerof-mass energy domains were covered: between 2.04 and 3.01 MeV [17] and between 1.7 and 2.9 MeV [46]. Upper and lower limits on the reaction rates have been calculated from the resonance parameters of newly identified states.

Also using the 18 Ne beam, an attempt was made at studying the states in 19 Ne relevant for the 15 O(α,γ) 19 Ne reaction rate, by populating them through the d( 18 Ne, 19 Ne)p reaction [47]. With the increase in beam intensities expected at the forthcoming facilities, this method will become competitive with stable beam studies.

Nuclear structure

The contribution of radioactive ion beams to nuclear structure research has been particularly significant in the region of light nuclei. Nuclei at and beyond the driplines have become accessible using reactions with exotic beams. The proximity of the driplines has led to the discovery of a number of features, appearing in nuclei at excitation energies close to and beyond the breakup threshold.

Research in this region at Louvain-la-Neuve has been supported by the availability, since 1994, of a beam of post-accelerated 6 He, with an intensity and purity which were not matched elsewhere for many years. The beam has been directly used for investigations of the halo in 6 He and its role in the reaction process, but also as a tool to access exotic states and resonances in light systems.

The halo of 6 He

The research on the two-neutron halo of 6 He in Louvain-la-Neuve focused especially on the effects induced on the reaction mechanism; such aspects are discussed further in section 5. Here we mention two experiments aiming at the clarification of the structure of the halo, in particular the correlations between the two halo neutrons.

Halos had been initially studied through breakup reactions at intermediate and high energies, looking at the momentum distribution of the fragments [48,49]. The relatively low-energy post-accelerated beam at Louvain-la-Neuve opened the possibility for the use of transfer reactions. Because of the characteristics of the two neutrons in the halo -a low binding energy and a narrow structure of the wavefunction in momentum spacetransfer reactions with small momentum transfer and vanishing Q-value are favoured. The maximum cross section is thus obtained at low incident energies, for transfer into excited states of a stable target.

Given the α + 2n structure 6 He, it was natural to look into two-neutron transfer reactions, as they could be related to the spatial configuration of the two halo neutrons: the so-called di-neutron and cigar configurations [50]. Transfer reactions were performed on 12 C [51], 1 H [52] and 4 He targets [53,54]. All experiments employed the LEDA array; the former two focused on the study of the reaction mechanism, while the latter also investigated the importance of the transfer in relation to the 6 He configuration. The use of 4 He as a target had several consequences. Because of the symmetry of the system, the elastic scattering and the transfer of two neutrons would contribute to the same exit dσ/dΩ (mb/sr) 4 He( 6He, 6 He) 4 He E c.m. = 11.6 MeV Figure 3. 4 He( 6 He, 6 He) 4 He cross section at E c.m. = 11.6 MeV, measured using a gas target (open dots) [53] and a 4 He-implanted Al target (full dots) [54]. The curve is a coherent sum of elastic scattering and transfer amplitudes, the latter obtained with a DWBA calculation.

channel (a 6 He nucleus and an α particle), with the transfer manifesting itself through interference phenomena and especially a rise of the elastic scattering cross section at backward centre-of-mass angles. A gas cell was first employed, but this limited the angular range at which the outgoing particles could be detected. This improved with the used of a 4 He-implanted Al foil [15], a novelty at the time in combination with a radioactive ion beam. The second measurement indeed revealed 6 He + α events at large centre-of-mass angles (see Fig. 3) proving the occurrence of two-neutron transfer.

In the original work [54], data were reasonably well reproduced by a distorted-wave Born approximation (DWBA) calculation, assuming a direct transfer of two neutrons as a cluster. Later works used these data and those obtained at a higher energy at the Flerov Institute in Dubna [55], to investigate in more detail the possible sequential transfer of the two neutrons, which could have originated from a cigar configuration of the halo neutrons. In both Refs. [56] and [57] it was concluded that the direct transfer is the dominant mechanism, allowing the weight of the di-neutron component in the halo to be estimated to be around 95% [57].

Another process which was identified as strongly dependent on the details of the halo is the β-decay of 6 He, in particular the deuteron-emission channel, first observed at ISOLDE [58]. The reason of the very weak branching ratio (∼10 -6 ) was explained in Ref. [59] in terms of a cancellation between two parts of the Gamow-Teller matrix element, related to the internal and external (halo) regions of the 6 He ground state and the α + d scattering wave functions. Measurements of the branching ratio performed at ISOLDE [58,60] and TRIUMF [61] using low-energy beams suffered from normalization uncertainties. In Louvain-la-Neuve, the pure post-accelerated beam permitted the technique of direct implantation in a silicon detector [62], where decays could be counted with 100% efficiency providing an accurate normalization, to be employed. A problem that had to be overcome was the instantaneous suppression of the beam to a level much better than the branching ratio, 10 -6 , required in order to observe the decay events without beam-induced background. This was achieved by a combination of collimators and a rotating shutter wheel. The branching ratio (1.65 ± 0.10) × 10 6 [63] was measured with an uncertainty that represented a significant improvement with respect to previous results. This, and the related deuteron energy spectrum obtained, can provide accurate tests of models of the 6 He ground-state wave function [63,64]. The techniques developed here were later employed at TRIUMF to study the β-delayed deuteron emission of 11 Li [65].

Cluster states

The possibility of states in light nuclei, with configurations reminiscent of molecular structures, was advanced as early as 1938 [66]. In such cases, nucleons exchanged between different α clusters ensure the binding of the system. The existence of these structures was shown in 9 Be through the identification of rotational bands built on the deformed molecular α:n:α state [67,68]. An analogue identification of states in 10 Be has been more elusive. Of particular interest would be a α:2n:α state in which the two neutrons occupy a σ 2 valence orbital: owing to Pauli blocking, the neutrons would push the α clusters apart resulting in a very deformed state. A 0 + state at E * = 6.18 MeV was the main candidate, with the 2 + excited state of the corresponding rotational band at E * = 7.54 MeV. But conclusive evidence could only come from the identification and characterization of the 4 + state.

This was obtained in two separate measurements at Louvain-la-Neuve. A first indication came from the study of the 6 He + 6 Li reaction at 18 MeV beam energy [69]: a state at 10.2 MeV in 10 Be, populated by the transfer of an α particle from the target and identified via the coincident detection of the outgoing 6 He, α and d particles, was assigned as 4 + by analysing the angular correlation between the products. A following experiment [70] concentrated on the characteristics of this resonance, which was studied using the method of resonant elastic scattering in a thick gas target. A 7.5-MeV 6 He 1+ beam impinged on a volume of 4 He gas; the beam particles lose energy traversing the gas volume, undergoing elastic scattering with enhanced probability for center-of-mass energies corresponding to the resonance (see Fig. 4). The coincidence detection of the 6 He and 4 He particles and their angular correlation allowed to definitely assign the 4 + spin to the state, identifying it as a member of the rotational band. The cross section indicated a very large α-particle component of the state (one of the largest α-cluster [8] were mounted within the reaction chamber (Fig. 1) which was filled with helium gas (150 mb). These arrays are composed of 16-element annular strip detectors with an inner radius of 50 mm and an outer radius of 130 mm. The The region in the gas volume in which the 10.15 MeV 10 Be resonance is formed is indicated (shaded zone). The resonance subsequently decays into 6 He 4 He which are detected in coincidence in the LAMP array.
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© 2006 The American Physical Society (ÿ ) of the resonance. For this analysis the data in the range c:m: 70 and 110 , where the effects of the experimental acceptances are reduced, were used. From the simulations it was determined that the efficiency for detecting, in coincidence, the 6 He 4 He pairs is 1.37(0.07)%. This compares with 7.2% of the fraction of the P 2 4 Legendre polynomial which lies within the same quence of the 6 He and 4 He. good at small indicates that are not so we the distributio spectroscopic factors known to date). Finally, from its energy, measured at 10.15 MeV, a large moment of inertia was derived, confirming the very deformed α:2n:α nature of the state at 6.18 MeV. The same experimental technique was used with the 18 Ne beam to investigate αcluster states in 22 Mg [71]. A comparison with mirror states in 22 Ne showed significant, poorly understood differences.

In other measurements, these structures in light nuclei were investigated by identifying "quasi-free" scattering events on clusters of the target. This was for example the case for the scattering of 6 He off deuterons in 6 Li [72] and off α particles in 9 Be [73].

In-beam spectroscopy using RIBs

Thanks to the early availability of very intense post-accelerated radioactive ion beams, Louvain-la-Neuve has been a favourite place to test novel techniques in nuclear spectroscopy. An interesting example is provided by the γ-ray spectroscopy of nuclei produced in fusion-evaporation reactions. The high-spin states in such nuclei are usually reached using intense stable beams and different regions of the nuclear chart have been studied that way. However, some regions are not easily accessible using stable targetbeam combinations. As an example, the study region of the heavy, unstable N ∼Z nuclei is hindered by the very low cross sections for multiple neutron evaporation. The use of a proton-rich radioactive ion beam could be an advantage as the corresponding cross sections are higher, provided that this increase compensates the lower beam intensity. An additional problem of such an approach is represented by the high 511-keV background in the γ detectors, originating from the β + decay of the radioactive beam.

A measurement was performed using a very intense (10 9 pps) 70-MeV 19 Ne 4+ beam impinging on a 40 Ca target [74,75], with the purpose of investigating these issues and test possibilities for reducing the background. The γ rays produced in fusion-evaporation reactions were detected in an array of escape-suppressed Ge detectors surrounding the target. Additionally, the LEDA array was employed to detect evaporated light charged particles.

Several conclusions were drawn: it was necessary to carefully shield the Comptonsuppression detectors from the radiation produced by the decay of beam particles hitting collimators close to the target; from this, the importance of a very-well focused beam without a halo was identified. The charged-particle array proved very effective in identifying the reaction channels; here, particle discrimination (protons and α's) was crucial, determining an ideal thickness of the detector of about 150 µm. Finally, the most effective background suppression was obtained by the time correlation between the γ rays and the beam particles. To achieve this, the beam was pulsed in 2 ns-wide bursts separated by 73 ns. The γ-ray spectra measured in between pulses were scaled and subtracted from the coincidence spectra, eliminating most of the random background. The effect is clearly visible in Fig. 5. At present, this technique is widely used at RIB facilities, including, for example, REX-ISOLDE to reduce the background in the Miniball γ-ray array in Coulex and transfer measurements.

Reaction mechanism around the barrier

As already recognized with the measurements that led to the discovery of the halo [76,77], light exotic nuclei have properties that significantly influence the reaction mechanism. The characteristics of these nuclei could enhance the cross section for selected direct channels (for example, breakup or neutron transfer). At energies around the potential barrier, where the terms connecting the different exit channels of the scattering are no longer negligible with respect to the kinetic energy of the particles, coupling effects become important modifying the probability for elastic scattering [START_REF] Satchler | Introduction to nuclear reactions[END_REF] and fusion [START_REF] Beckerman | [END_REF]80]. The latter process in particular was the centre of much interest shortly after the discovery of halo nuclei, as it was speculated that the large spatial extension of neutron matter could lead to a large enhancement of the fusion probability.

The measurements related to these features are extremely challenging. For elastic scattering, a high accuracy is required, to allow to be compared with models which take into account the various coupling effects. For fusion, the small cross section around and below the potential barrier makes it inherently difficult to perform studies using the relatively low-intensity radioactive ion beams. For this reason, only limited regions of the excitation functions have been explored. Nevertheless, significant results have been achieved: recent reviews are given in Ref. [81] for elastic scattering and Refs. [82,83] for fusion. The facility at Louvain-la-Neuve has contributed significantly to measurements using the 6 He (see below) and 7 Be beams [84]. [74]). γ-ray energy spectra from the 19 Ne + 40 Ca reaction. Panel (d) shows the dramatic improvement when the random background is subtracted using the time correlation with the beam pulses, as compared to singles (a), coincidence with light particles (b) and γ-γ coincidences (c).

Elastic scattering

Elastic scattering of the 6 He beam on various thin targets were already obtained as a by-product of the first transfer measurements in the second half of the 1990's. These data have been the object of some re-analyses [51,85,86,87,88].

Those first measurements were carried out using the LEDA array, covering only forward angles up to about 75 degrees. Improved, dedicated measurements [89] employed additional detectors at backward angles to increase the angular coverage. The focus has been on the scattering of 6 He on 208 Pb: the target was chosen because of its relatively simple and well-known structure, and because it would enhance Coulomb effects. The [92]). Schematic view of the set-up used in the measurement of the 6 He + 238 U reaction. For clarity, some of the forty detectors are omitted in the drawing.

elastic cross section was measured at various centre-of-mass energies between 14 and 22 MeV and angles up to 170 degrees, and analyzed using optical model calculations. The data showed significant differences with respect to those obtained with 6 Li: in particular evidence for long range absorption was found, due to a polarization of the projectile in the Coulomb field of the target. A separate study of the outgoing α particles [90] showed the presence of a strong two-neutron transfer from the 6 He projectile to weakly bound states in 210 Pb.

The peculiarities in the elastic scattering of 6 He were also clearly highlighted in the comparison of 6 He + 64 Zn and 4 He + 64 Zn data, obtained in a campaign where the fusion cross section was also measured [91].

Fusion measurements

The measurement of the fusion cross section of the 6 He represents one of the highlights of the research at Louvain-la-Neuve using radioactive beams. Data were obtained on two targets, 238 U and 64 Zn, utilizing different techniques. In both cases, the simultaneous measurement of large cross sections due to direct channels showed their importance at energies even below the barrier.

In each case, the nature of the target provided the means to identify the fusion process. The low fission barrier of 238 U meant that reactions in the thin UF 4 target and the 6 He projectiles led to the back-to-back emission of two fission fragments. The fragments were identified by a coincident detection in a silicon array covering almost the full solid angle (Fig. 6). Fission could be induced by fusion, but also by other processes transferring sufficient energy to the target; in the latter cases, however, an additional light quasi-projectile particle would be emitted in coincidence and detected in the silicon array. This provided a way to separate the contribution of fusion from that of other direct processes. A first measurement with a reduced angular coverage showed a very large fission cross section [93]. The addition of detectors at backward angles proved, however, the strong presence of direct processes, reducing the fusion cross section to levels comparable with those expected for a well-bound, non-halo projectile such as the stable 4 He [92].

With the 64 Zn target nucleus, an activation technique, followed by the off-line detection of residues, was employed. The 64 Zn provided the possibility of uniquely identifying the reaction products. In this experiment a stack of Zn targets was used, alternated with Nb foils that would catch the nuclei recoiling from the target (Fig. 7). Owing to the energy loss of the 6 He projectiles in traversing the stack, the reactions on each target would provide the cross section at a different energy, allowing the excitation function to be explored with only a few primary beam energies. An additional thin target, placed before the stack and surrounded by silicon detectors, served for the measurement of the elastic scattering as mentioned in the previous section [91]. A fusion reaction within the stack would eventually produce radioactive, longliving Ge, Ga and Zn evaporation residues. The atomic activity was identified and counted through the detection of the x-ray emission following the electron-capture decay; further identification of the specific isotope was obtained by its characteristics half-life signature. The results, reported in Ref. [94], confirmed that which was observed with the heavier 238 U target: the data for the fusion cross section did not show any appreciable enhancement with respect to those measured with 4 He. On the other hand, a very large yield for 65 Zn, not reproduced by fusion-evaporation calculations, could be explained by a large transfer and/or breakup cross section.

Conclusions

With the first post-acceleration of a radioactive ion beam, 13 N, research in nuclear physics acquired a powerful new tool to explore regions of the chart of nuclei far from stability. Coupling of the ISOL method for the on-line production and selection of ions with an efficient post-accelerator provided beams of unprecedented intensity and optical properties. To reach this seminal result, a number of technologies and solutions were conceived and pioneered at the Louvain-la-Neuve facility. These included methods to cope with the high power dissipated by the primary proton beam in the thick production target; research, on target materials and on suitable reactions, to obtain high production rates for unstable isotopes; and the means for optimizing the beam quality, in particular its purity, without compromising the overall acceleration efficiency. This experience has especially shown how entangled all these aspects are, and thus how the development of each beam requires a dedicated and specialized effort. This is an effort that has to be undertaken in close collaboration between the accelerator engineers and the physicists as the beam quality determines the detection set-up to be developed and vice-versa.

The development of new beams was driven by the physics program. Owing to the energies provided by the post-accelerator, nuclear reactions of astrophysical interest occurring at stellar temperatures were accessible. Important measurements were made of rates of reactions in the hot-CNO cycle and escapes towards the rp process; clearly, such reactions -like 13 N(p,γ) 14 O, 19 Ne(p,γ) 20 Na -were measured directly for the first time. A major role was then played by the 6 He beam, for research in nuclear structure and dynamics. On one hand, the focus has been on the characteristics of the two-neutron halo of 6 He and its influence on the reaction process at energies around the Coulomb barrier. On the other hand, the beam was used as a tool in reactions to produce systems in exotic states and resonances, such as the molecular structure of the very deformed α:2n:α cluster state identified in 10 Be.

As well as the beam production techniques, detection methods were developed and applied to counter the problems presented by the use of radioactive beams. The method of resonant scattering in a thick target in inverse kinematics was developed using solid targets (polyethylene, He-implanted foils) as well as He gas targets. The issues related to in-beam γ-ray spectroscopy with RIBs were carefully studied, producing reference results relevant for the subsequent design of optimized detection set-ups and experiments elsewhere.

Several of the methods pioneered in Louvain-la-Neuve have been taken up and further improved at the more recently-developed RIB facilities. With the progress of the latter, the activities in Louvain-la-Neuve have lessened; this is true in particular for nuclear structure research, which at present requires an increasingly strong concentration of resources. The RIB project came to an end in 2009. The experience accumulated in more than twenty years of target and ion source development continues, however, to be exploited by participation in projects such as beta-beams [95]; in particular for the aspects related to the production of extremely intense 6 He and 18 Ne beams -for which Louvain-la-Neuve has long held the records, and also for the more recent schemes involving 8 Li and 8 B beams [96], where, once again, major technological challenges will need to be overcome.
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 1 Figure 1. Layout of the radioactive ion beam facility in Louvain-la-Neuve. Both the CYCLONE 110 and CYCLONE 44 cyclotrons post-accelerated radioactive nuclei produced by reactions induced by the proton beam of CYCLONE 30.

Figure 2 .

 2 Figure 2. Portion of the chart of nuclei, with indication of the paths of the hot-CNO cycle (Hot-CNO I) and very-hot CNO cycle (Hot-CNO II), with the possible escape routes. The reactions studied in Louvain-la-Neuve are highlighted.
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 1 FIG.1. Experimental setup. The region in the gas volume in which the 10.15 MeV 10 Be resonance is formed is indicated (shaded zone). The resonance subsequently decays into6 He4 He which are detected in coincidence in the LAMP array.
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 34 FIG. 3 (color online). Experimentally determined center-ofmass distribution (data points) compared with simulations for the decay of a spin 4 (blue-solid line), 2 (red-dashed line), and 6 (black-long-dashed line) resonance. The inset shows the energyspin systematics of the rotational band of which the present 4 state is a member.

Figure 5 .

 5 Figure 5. (from Ref.[74]). γ-ray energy spectra from the19 Ne + 40 Ca reaction. Panel (d) shows the dramatic improvement when the random background is subtracted using the time correlation with the beam pulses, as compared to singles (a), coincidence with light particles (b) and γ-γ coincidences (c).

Figure 6 .

 6 Figure 6. (from Ref.[92]). Schematic view of the set-up used in the measurement of the6 He + 238 U reaction. For clarity, some of the forty detectors are omitted in the drawing.

Figure 7 .

 7 Figure 7. (from Ref.[94]). Schematic view of the set-up used in the measurement of6 He + 64 Zn. LAMP and DSSD are arrays of silicon detectors.
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