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1. Introduction


It is proposed to use the Indian National Gamma Detector Array (INGA) as well as the local Gamma Detector Array (GDA) at the Nuclear Science Centre (NSC) for experimental studies with stable ion beams and the RISING (Rare Isotope Spectroscopic INvestigation at GSI) set-up at the Gesellschaft für Schwerionenforschung (GSI) for unstable rare isotopes  to exploit unique opportunities for nuclear structure studies. 


At Nuclear Science Centre, currently there are two dedicated experimental facilities for the study of nuclear structure - a Gamma Detector Array consisting of 12 Compton-suppressed Ge detectors for gamma spectroscopy and the Heavy Ion Reaction Analyser (HIRA) for the detection of recoil nuclei in heavy-ion induced fusion reaction. Two more facilities are currently under construction -- an array of 24 Clover detectors known as Indian National Gamma Array (INGA) and a high efficiency recoil separator called HYRA (HYbrid Recoil mass Analyser). The combination of INGA consisting of sixteen  Compton-suppressed Clover detectors with the recoil mass spectrometer HYRA  and a CsI-photodiode based charged particle detector array (CPDA) provides the possibility of investigating exotic nuclei far off from the stability line through heavy ion fusion evaporation reactions. These have very low reaction cross sections of the order of a few microbarns, but they can be separated from the beam particles and other reaction products by HYRA.


The SIS/FRS facility at GSI provides unstable rare isotopes by fragmentation reactions or fission at relativistic energies. The intensities are sufficient for in-beam gamma-ray spectroscopy for the first time. Secondary beams can even be produced in high spin isomeric states. The beams can be used either at i) high energies (~100 MeV/u) for relativistic Coulomb excitation and fragmentation reactions or ii) stopped for decay studies. This letter of intent summarizes the proposed common physics and the intended experimental techniques.

2. Types of Experiments


Three classes of experiments with specific technical requirements are envisioned with stable ion beams at NSC and with radioactive ion beams (RIB) at GSI.

Beam energies close to the Coulomb barrier

are used for lifetime measurements after heavy ion fusion evaporation reactions. In selected cases multiple Coulomb excitation and transfer reaction experiments are used to measure reduced transition probabilities, single particle spectroscopic factors and particle (hole) - particle (hole) effective interactions for very exotic target nuclei. 

Fast beams around 100 A MeV

are used for relativistic Coulomb excitation, nucleon removal and secondary fragmentation experiments. The latter may lead to rather high angular momentum states. As special application they allow g-factor measurements for short lived (ps) states and systematic studies of the spin alignment/polarisation of RIB's.

Stopped beams with-intensities ( 1/s
are “on-beam” experiments of the radioactive species, such as (-decay, isomer (-spectroscopy and the measurements of half-lives in the ps -- ns range and nuclear moments.

3. Physics 


The nuclear structure topics to be studied using GDA, HIRA and INGA/HYRA at NSC and using RISING at GSI are summarised in the following. 

Shell structure


At N>>Z the persistence of shell strength, melting of Woods-Saxon shell gaps and enforcement of harmonic oscillator (sub)shells are of prime interest. The predictive power of mean field calculations is hampered by the poor knowledge of the isovector part of the interaction, which can be determined only by data at extreme N/Z ratios. Experimental signature for shell structure are two-nucleon separation energy differences δ2n/δ2p, the Iπ=2+ excitation energies E(2+), E(4+), the ratio R = E(4+) / E(2+) and the B(E2;2+→0+) values.  In the Ca isotopes beyond N=28 a possible (sub)shell closure at N=32,34 seems to develop in E(2+). It has been reported out recently that the Cr isotopes show a maximum in E(2+) at N=32. On the other hand within the N=34 isotones E(2+) is increasing from Fe to Cr in contrast to the expected trend towards midshell, which supports a N=34 closure. Besides masses, which due to short halflives are difficult to measure, obviously E(2+)  and B(E2) values for 50-54Ca are missing for a proof of the concept. Similarly a study of the N=30-34 isotones of Cr and Ti would reveal such a change in shell structure. 

Shape coexistence


The phenomenon of shape coexistence is caused by various structure effects, which can be traced back to the polarisation by high spin intruder orbitals. High-K isomers, built by multi-quasi particle configurations, due to their influence on the amount of pairing and/or collectivity left, may give rise to shape changes. Again the doubly “K-magic” nuclei with Z,N=72 and N=106 are extremely neutron-deficient resp. –rich. In the region of well deformed nuclei between A=160 to A=180, 178Hf is unusual in that a number of high-K isomers have been reported, one is the Kπ=8- isomer with t½=4.0s. The 8- isomer at an excitation energy of 1147.4 keV is known to decay dominantly to the 8+ state in the ground state band (K=0) via a hindered 88.9 keV E1 transition. Surprisingly, one observes the population of the Kπ=8- isomer in 178Hf following Coulomb excitation with a 130Te beam. However, the reaction mechanism for the population remains a puzzle. 

Symmetries


At N=Z mirror symmetry can be studied in the so called f7/2 region expanding between the doubly-magic nuclei 40Ca and 56Ni. These nuclei exhibit many features characteristic for heavier deformed nuclei as for example rotational bands including: SD bands (i.e. 40,42,44Ca), back bending (i.e. 48Cr), band termination (i.e. 45Sc). On the other hand the single particle configuration space is limited here to just one isolated f7/2 shell or the full configuration sd - fp, allowing for exact shell model (SM) calculations. In fact the SM calculations account well for most of quoted above 'collective' phenomena. Thus, such investigation give insight into a nuclear collectivity creation mechanism. 


In several odd-A f7/2 nuclei, lying close to the middle of the shell (i.e. 45Sc), well developed collective rotational bands of positive parity result from the mixed sd proton and neutron excitation to the f7/2 shell (50% of wave function of both types). They are known up to and above the band termination. On the other hand as we deal with deformed N~Z nuclei, effects related to T=0 p-n pairing should manifest in the region. Indeed in nuclei with Z=N-1 at high spins, such bands strongly compete with the excitation of the T=0 high-K band where the sd proton-hole couples to the Z=N neighbour (for example 45Ti and 46V). This effect could play a role of the T=0 pairing.

Collective modes


The first excited state of the doubly magic nucleus 208Pb has spin and parity 3- and an E3 strength of 34 spu, which is interpreted as a collective octupole vibration. Similar values have been reported for 206,207Pb and 209Bi. In Coulomb excitation experiments with very heavy ions the B(E3)-value for 208Pb was confirmed, while the values for the neighbouring nuclei are reduced by up to 30%. The collective E3 strength seems to be dependent on the particle configuration, which should be confirmed by additional measurements with lighter ion beams. The concept of a rotating octupole has been very successful in explaining the band structure of actinides, with little firm evidence so far on the static or dynamic character of the octupole correlations. More direct measurements of the E3 moment would give more insight in the underlying nuclear shape. 

4. Experimental methods


The experimental signature for nuclear structure is mainly taken from level energies, B(E2) and B(E3) values, magnetic moments and spectroscopic factors. The latter are barely known for exotic shell closures. Single particle intruder, T=1 seniority and proton-neutron spin-gap isomers provide excellent probes for spherical shell structure and residual interaction. Therefore experiments in the different campaigns focus on the following experimental methods and techniques.

Beam energies close to the Coulomb barrier
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Fusion reaction;
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Multiple Coulomb excitation (MCE);
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Single- and two-nucleon transfer; 
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Recoil distance lifetime measurements;

Fast RIB around 100 A MeV
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Secondary fragmentation;
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Nucleon removal;
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Relativistic Coulomb excitation (RCE), with isomer and/or particle decay tagging;
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Differential recoil distance Doppler shift (RDDS) lifetime measurements;

Stopped RIB
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(- and (-decay;
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(-isomer decay;
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Electronic timing in the ps - ns range;
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Spin rotation in external magnetic fields and electric field gradients.

5. Experimental Technique

Experiments with stable ion beams

At Nuclear Science Centre, currently there are two dedicated experimental facilities for the study of nuclear structure - a Gamma Detector Array consisting of 12 Compton-suppressed Ge detectors for gamma spectroscopy and the Heavy Ion Reaction Analyser (HIRA) for the detection of recoil nuclei in heavy-ion induced fusion reaction. The local γ-ray array (GDA) at NSC consists of 12 single Ge-detectors which are positioned in three rings at 500, 980 and 1440, respectively. It usually surrounds the plunger apparatus and has an efficiency of 0.5%. A phoswich-based Charged Particle Array is available for the detection of light evaporation particles. This facility would be phased out in about two year's time, being replaced by a higher efficiency INGA array at the new beam hall.

The recoil separator HIRA can be used either in stand-alone mode or in coincidence with up to eight Ge detectors (of Clover type) for recoil-gated -spectroscopy. The ion optics of HIRA  is based on the electric-magnetic-electric dipole configuration with entrance and exit quadrupole doublets. The separated reaction products are dispersed according to their mass/charge (A/q) value but independent of energy/charge (E/q) value and spatially focused at the focal plane. They are detected by a multi wire proportional counter which provides position information to identify the mass of the particle. This is followed by an ionisation chamber which provides the Z identification. The recoil mass spectrometer has a maximum opening of ±30 and can be rotated out of the primary beam up to 250. The scattering chamber can be replaced with a charged particle detector array to identify exotic nuclei far off from the stability line. 

The beam energy from the Pelletron Accelerator at NSC is currently undergoing augmentation by injecting the beam into a superconducting LINAC accelerator. The first accelerating section is expected to be completed by the end of 2004, with the remaining two sections are expected to be ready in about two years time. Two new facilities are planned in the new beam hall to utilise the higher energies from the LINAC. The Indian National Gamma Array (INGA) set-up consists of 24 Clover Ge-detectors which are positioned in five rings at 32(,58(,90(, 122( and 148(, respectively. This γ-ray array with a photo-peak efficiency of ~5% can be used along with a CsI-photodiode based Charged Particle Array in a stand-alone mode for studying high spin spectroscopy for nuclei populated in a fusion-fission reaction. By removing the front half of the array, INGA can be coupled with the Hybrid recoil separator HYRA in order to perform recoil-gated in-beam measurements. Initial measurements on recoil gated gamma spectroscopy have been carried out using eight Clover detectors with the existing recoil separator HIRA. 


The recoil separator HYRA under construction is designed to be operated either in gas-filled mode (for A > 200) or in vacuum mode (A < 100). It consists of a momentum acromat followed by a recoil mass analyser.  Since the finger assembly at the centre of the momentum acromat can cut down specific charge states of the beam thereby improving beam rejection, a combination of ED-MD is used in the RMS instead of the conventional ED-MD-ED configuration. By incorporating a super-conducting quadrupole doublet in the beginning, its solid angle of acceptance is made a factor of two larger than that compared to the acceptance in case a room temperature quadrupole doublet is used in the beginning. 

The proposed gamma-ray spectroscopy of  N>>Z nuclei will be performed following 7Li bombardment of 48Ca. Previously γ-ray studies of 51Ti, 52Ti and 52V have been performed1. However, the lifetime of the lowest 2+ state in 52Ti could not be determined with a single Ge detector, because the 1050 keV transition turned out to be also present in 52V. The only published lifetime of τ(2+)=4.8(+8.0,-2.1) ps  was measured using the 50Ti(t,pγ)52Ti reaction and the Doppler-shift-attenuation method2, which is rather inaccurate. With the present set-up the different reaction channels following the bombardment of  48Ca with 7Li will be studied using the RDM set up at NSC. Channel selection would be possible through  γγ-coincidences which will allow an accurate lifetime measurement of the first excited state in 52Ti. Depending on the availability, the INGA array can also be used for doing -gated life time measurements. The possibility of using transfer reactions 50Ti(18O,16O) and 50Ti(30Si,28Si) to populate 52Ti would also be explored.
1. B.A. Brown et al., Phys. Rev. C14 (1976), 1016

2. J.G. Pronko et al., Phys. Rev. C9 (1974), 1430


A γ-ray spectroscopy of unnatural parity states is feasible for example in 47Sc and 47Ti and their neighbourhood. The influence of adding more neutrons to 45Sc and 45Ti on the collective structure could be investigated at NSC. The nuclei of interest can be produced in fusion-evaporation reactions 36S(14C,p2n)47Sc at ~50 MeV and 10B(40Ca,3p)47Ti at ~150 MeV. The above reactions were already used at tandems in the past, but one can use other combinations more suited for the NSC. Due to many opened reaction channels and lack of information on the decay of positive parity levels in the studied nuclei the use of the charged particle detector array and the mass separator HYRA will be essential for the reaction channel identification. The γ-detector set-up will register γγ-coincidences in conjunction with the above ancillary detectors.


The proposed Coulomb excitation experiments of 206,207,208Pb and some radioactive actinide nuclei will be performed with a 32S beam at 140 MeV. The back-scattered projectiles will be measured with an annular parallel plate avalanche gas counter. In this way the γ-ray intensities are measured as a function of impact parameter. B(E2) and B(E3) values will be determined by comparing experimental excitation probabilities with calculated ones using a semi-classical Coulomb excitation code. 


To investigate the reaction mechanism for populating the Kπ=8- isomer in 178Hf, a Coulomb excitation experiment will be performed by bombarding an enriched 178Hf target with a pulsed 32S beam. Both prompt and delayed γ-rays will be recorded as in the experiment with the 130Te beam3. Both experiments may explain the unexpected population of the isomer in a model-independent way.

3. H. Xie et al., Phys. Rev. C48 (1993), 2517

Experiments with radioactive ion beams

The proposed gamma-ray spectroscopy of RIBs will be performed after in-flight isotope separation using 15 Cluster detectors of the EUROBALL IV array. These need to be arranged in different set-ups fit to the respective RIB velocity.


The nuclei of interest will be produced in fragmentation of stable primary beams or projectile fission of 238U at relativistic energies impinging on a 9Be or 208Pb target, which is located at the entrance of the GSI projectile fragment separator FRS. An average beam intensity from the SIS heavy-ion synchrotron between 109 medium heavy ions (e.g. 129Xe)and 108 208Pb, 238U per second can be expected. The FRS will be operated in a standard achromatic mode, which allows a separation of fragments by combining magnetic analysis with energy loss in matter. The separated ions will be identified event-by-event with respect to the mass and atomic number (A,Z) via combined time-of-flight, position tracking, and energy loss measurements. The standard detector set-up to identify and track ions from the FRS is shown schematically in figure 1 and will be used for the two experimental campaigns. At the intermediate focal plane, upstream from the degrader, a plastic scintillator is mounted. This serves for both time-of-flight (TOF) and position measurements. A set of detectors at the final focus consists of:
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two multi-wire proportional chambers (MW1,MW2), yielding horizontal and vertical positions,
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a four-fold ionisation chamber (MUSIC) providing energy-loss information (E,
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a plastic scintillator (SC2) which delivers the second TOF signal.
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Fig.1: Schematic drawing of the projectile fragment separator with the standard detector set-up for in-flight identification of ions prior to the secondary target.
Experiments with relativistic beams


After passing the identification set-up, the radioactive ions at relativistic energies are focused on a secondary target, which will be positioned approximately 4m after the last FRS-quadrupole. For experiments with beam energies around 100MeV/u the Ge-detectors have to be positioned at forward angles in order to minimize the Doppler broadening effect. The best possible Euroball detector configuration for experiments with fast beams is displayed in figure 2. For the required gamma-ray energy resolution of about 1% the15 Cluster Ge-detectors without BGO shields have to be positioned in three rings which yield a total efficiency of 1.67%. The calculated efficiency for a 1.3MeV gamma-ray energy (rest frame) includes relativistic effects when the gamma-rays are emitted in flight (v/c=0.43). The present configuration is detailed below:

Ring #1 
5 Clusters  (=15( 
r=68.0cm

Ring #2 
5 Clusters  (=26.5( 
r=111.9cm

Ring #3 
5 Clusters  (=34( 
r=136.9cm


Due to the Lorentz boost the main efficiency contribution comes from the first ring. This ring is positioned to achieve 1% resolution within the constraints of the beam pipe diameter of 16cm. One should note that the 5 Clusters in the 2nd and 3rd rings could be moved closer to the target position, for an increased efficiency but a lower overall resolution. If both rings are placed at a minimum distance of ~70cm then the configuration will reach a total efficiency of 2.9% while the average weighted energy resolution is only slightly increased to 1.24%.
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Fig. 2: Configuration of 15 Cluster Ge-detectors without BGO 

shields for experiments with relativistic beams.

For the fragment identification after the target measurement with a position sensitive Si-array and a thick scintillator is planned, in order to provide horizontal and vertical position, energy-loss and total energy information. While the atomic number Z can be determined uniquely, the total energy measurement (FWHM~1%) will yield only a moderate mass resolution sufficient for the proposed experiments with medium heavy nuclei. For the heavier fragments projectile decay tagging is suggested which allows fragment identification due to its isomeric decay. The two-dimensional position information of the Si-array will also yield the scattering angle of the Coulomb excitation process. 

Decay experiments 


For decay experiments the identified radioactive ion beams will be slowed down at the final focus of the FRS using an adjustable aluminium degrader and subsequently implanted in a position sensitive Si catcher array. Two additional plastic scintillators will be mounted, either side of the catcher and used in order to verify that all selected ions are stopped in the catcher. The energy-loss signal from the first scintillator can also be used for off-line suppression of events resulting from nuclear interactions of ions during the slowing down process. Employing detectors developed within the GREAT (Gamma-Recoil-Electron-Alpha-Tagging) project will enable measurement of (- and (-particles from the decay of the implanted ions as well as X-rays and conversion electrons. The set-up will be surrounded by an array of Cluster Ge-detectors, in which delayed gamma-rays emitted by the implanted ions will be detected. This array will be a compact, box-like configuration of Ge-detectors. 


The stopping process of heavy ions in the degrader and catcher is usually accompanied by a prompt burst of radiation, mainly due to X-rays and bremsstrahlung (M( ~10). By blocking Ge-detectors hit by prompt quanta the effective efficiency for delayed quanta will be reduced unless the number of detectors is large compared to the prompt multiplicity. Therefore RISING with its 105 Euroball detectors is adequate to preserve the efficiency. The expected full energy efficiency of the gamma-array will be >10% while the gamma-ray energy resolution is determined by the intrinsic resolution (2-3 keV) of the individual Ge-detectors. 


The flight time of the ions through the separator is about 300 to 400 ns, which sets a lower limit of about 100~ns for the lifetimes which can be studied. For some special cases, this lifetime limit may be considerably shorter (~10 ns) when the electron conversion branch is blocked in a highly stripped ion. The upper limit of the isomer spectroscopy is determined by the RIB intensity. For very exotic nuclei with rates well below 1 kHz lifetimes up to the ms range can be measured. 


For the g-factor measurements of isomeric states a dedicated magnet system up to 1 Tesla will be developed. The Euroball detectors will be placed around the magnet.
