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Abstract. Big Ge-arrays like Euroball or Gasp have been built with the main purpose of studying high angular momentum phenomena in nuclei. When coupled with ancillary detectors they became also excellent instruments to explore the properties of very  exotic nuclei far from (-stability. A large fraction of the experiments has been therefore devoted to study both proton-rich and neutron-rich nuclei populated using stable beams provided by the Legnaro and Strasbourg accelerators. Nuclei lying close to the N=Z line are of particular interest being a laboratory where collective excitations as well as fundamental properties of the nuclear force can be tested, like isospin symmetry and isospin breaking terms, proton neutron pairing, dripline effects.  Due to their special symmetry they allow to test the impact of nuclear physics calculations on the prediction of the standard model of the electro-weak interaction which requires  unitarity for the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Available data suggest that the CKM matrix fails the unitarity test, pointing to physics beyond the standard model. Since such result depends on corrections for nuclear isospin mixing which must be calculated for heavy N=Z nuclei it is very important to test experimentally the model  predictions.  The isospin mixing probability can be determined using isospin forbidden ( transitions. If the charge symmetry of the nuclear force is exact, in the limit of long wavelengths, the E1 transition operator is purely isovector and therefore E1 transitions are forbidden in N=Z nuclei between states of equal isospin and have equal strength in mirror nuclei. Failure of this symmetry rule due to the isospin non conserving Coulomb interaction can be experimentally observed as an apparent “induced isoscalar term” through the presence of  forbidden E1 transitions. An alternative method to test isospin symmetry is based on the investigation of the electromagnetic decay properties in mirror pairs. In such a case the determination of the isovector and isoscalar components of E1 transitions allow higher sensitivity compared to the determination of the transition probability of forbidden transitions in N=Z nuclei as a consequence of  the interference between forbidden and allowed strengths.

INTRODUCTION

Medium mass N~Z nuclei are of special interest due to the fact that protons and neutrons occupy the same orbitals. As a consequence protons and neutrons can act coherently giving rise to spectacular phenomena of “in phase” contributions of both kind of particles to collective excitations. As an example two of the largest measured octupole transition matrix elements have been deduced from experimental lifetime in the 114Xe nucleus.  Such strong B(E3) matrix elements cannot be explained within the standard mean field approach and can be related to a coherent enhancement of the collectivity possibly due to the dynamical coupling of the proton neutron interaction among orbitals differing of three units of angular momenta. One may also expect a reinforcement of neutron-proton pairing correlations, which are weak in stable nuclei where valence protons and neutrons occupy different shells. 

Of particular interest is also the study of the possible breakdown of isospin symmetry. Isospin mixing probability has been measured in the N=Z=32 nucleus 64Ge through the experimental determination of the strength of an E1 transition connecting  low-lying states of the same isospin multiplets (a transition which is forbidden by the isospin selection rules). Here the measure of the character of the transition as well as the lifetime of the level  has allowed a direct estimation of the isospin mixing probability, even if based on some ad hoc assumption on the structure of the nucleus. The charge independence of the nuclear force can also be verified through the measure of the E1 decay strength in mirror pairs. A particularly interesting example is offered by the A = 67 mirror pair 67Se-67As. Here two E1 transitions have been observed at low excitation energy. In such case the mirror symmetry requires the structures of the energy levels to be identical, the only difference arising from Coulomb energy.  Differences between the mirror B(E1) strengths are related to the interference between the isovector term and the “induced” isoscalar term of the interaction. The observation of the excited states of  67Se has also allowed to extract the Coulomb energy differences (CEDs) between isobaric analog states in the A = 67 mirror pair. Here the peculiar behavior of the CED can be related to the contribution to the total energy of the isospin breaking electromagnetic spin orbit term of the nuclear Hamiltonian. 
measurements and data reduction

The results I am going to report are based on (-coincidence, linear polarization and lifetime measurements performed at the GASP and EUROBALL multidetector arrays.

High-spin states in the neutron deficient nuclei were populated using compound nuclear reactions with the beams delivered by the TANDEM XTU of the Laboratori Nazionali di Legnaro (Italy) and the VIVITRON at IReS, Strasbourg (France). (-( coincidences were acquired with the  gamma spectrometers GASP and  EUROBALL IV.  For the lifetime measurements we used the Cologne plunger device  which is especially designed for coincidence measurements. The plunger was also equipped with an automatic feedback system to preserve a constant target to stopper distance and to compensate for variations due to the heating caused by the beam. In order to improve the selectivity of the apparatus for reaction channels involving the evaporation of charged particles, a special set-up of the Si-ball EUCLIDES, using only the two forward rings of Si telescopes, was mounted as the end-cap of the  Cologne plunger device. This charged particle hodoscope was composed of 15 E-E silicon telescopes covering about 30% of the total solid angle. More details on the  set-up of the experiments are given in ref.[1].  

In the off-line analysis the different channels  were partially selected by requiring that only the events corresponding to the detection of  proper number of protons and alpha particles in the  Si telescopes were incremented into  symmetrized E(-E( matrices.  Moreover, in order to enhance the different structures we made use of  triples data by constructing  E(-E(  matrices in coincidence with  known ( ray transitions.  

The spins and parities of the levels were deduced from the analysis of the directional correlation ratios from oriented states (DCO) and from linear polarization results. Special attention was paid to the DCO ratio analysis using charged particle coincidence events. In the DCO analysis a (-( matrix was created with (-rays from the Ge detectors placed at 900 (Clover detectors) with respect to the beam direction on one axis and  (-rays from those at 340 and 1460 on the  other, under the condition of being in coincidence with the proper number of charged  particles detected in the Si telescopes in order to reduce contamination from other reaction channels.  In the GASP and EUROBALL geometry, if one gates on a stretched quadrupole transition, the theoretical DCO ratios I34/I90 are ~1 for stretched quadrupole transitions and ~0.5 for pure dipole transitions. If, on the contrary, gates are set on a pure dipole transition, the expected DCO ratios for quadrupole and dipole transitions are ~2 and ~1 respectively. 

In addition to the conventional particle-(-(, (-(-( coincidences and DCOs we have analyzed the polarization of the ( transitions emitted by the oriented nuclei. In the EUROBALL geometry the Clover composite detectors are disposed in a  vertical ring orthogonal to the beam axis. The four single Ge elements composing the Clover are in close contact. Therefore, the Clover ring can be used as a highly efficient Compton polarimeter. In the analysis two coincidence (-( matrices have been created  having the (-ray energy from all the Ge detectors of EUROBALL on the first  axis and the sum of two energy signals detected in two neighboring elements of  the CLOVER detectors,  either parallel (00) or orthogonal (900) to the beam direction,  on the second axis. Setting conditions on (-lines on the first axis, linear  polarization results (PCOs) were  obtained from the projected gates for all the (-ray transitions of interest dividing the asymmetry  parameter A=(N(-N(()/(N(+N(() for  the polarization sensitivity. The polarization sensitivity for EUROBALL has been determined  from PCOs obtained from the 32S + 40Ca reaction at 125 MeV using  ( lines of known multipolarity from 68As,  68Ge, 66Ge and  63Ga, and by means of Monte-Carlo simulation [1]. 

For the purposes of the analysis of the plunger data,  the individual detector elements of the composite clover and cluster detectors as well as the tapered detectors of  EUROBALL were grouped into 8 rings  according to their angular position with respect to the beam axis. Appreciable Doppler-shifts were observed with the detectors belonging to the rings positioned at mean angles of 1560 (ring 0), 1370(1), 1300 (2), 520 (5), 350 (6)  and 150 (7). The data were sorted into 504 4k ( 4k (-( coincidence matrices after corrections for energy shifts and gain matching of the detectors. Each matrix accumulates  coincident events where two (-rays are registered by detectors  belonging to a particular two-ring combination at a given distance. Normalization factors for the different distances were  derived 

By  using events corresponding to pairs of strong coincident  transitions   with gate   and integrated regions including
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both  unshifted and shifted components. Spectra for further analysis were  predominantly obtained  by setting a gate from above, on the shifted  component of a transition feeding directly the level of interest.  Examples of such spectra are shown in Fig.1. The lifetimes of the investigated levels were derived using the differential decay curve method  (DDCM).  Referring the reader for more details to the quoted works,  here we only present the main points. In the case of a gate set on a direct feeder, the lifetime ((x) of the level of  interest at each target-to-stopper distance x is obtained from 

((x) = {Bs,Au}/{(/(x{Bs,As}}{1/v}                    

here, v is the mean velocity of the recoils, and the quantities in brackets are the number of events corresponding to the detection of the Doppler-shifted  (s) or the unshifted (u) components of the (-ray transitions  involved in the analysis. The transition A depopulates the level of interest whose lifetime has to be determined and which is fed directly by the transition B. The gate is set on the s-component of the transition B. The derivative in the denominator  of the equation is derived by fitting piecewise with polynomials  the gated decay curve of the shifted component of the transition A  (i.e. the quantity {Bs,As}). An example of lifetime determination is shown in Fig.1 (Left). 

Exceptional Enhancement Of Octupole Collectivity  in 114Xe
Octupole correlations in nuclei are generated by the interaction between orbitals  of opposite parity near the Fermi surface which differ by three units of angular momentum.  In general this situation occurs when the Fermi level lies between an intruder-orbital and the normal parity  subshell. This situation is expected to occur when the number of protons or neutrons is close to 56, 88 and 136. In particular, it has been suggested that octupole correlations should appear  at low and medium spins in the light Te, I and Xe nuclei [2]. In this mass region the Fermi surface for both protons and neutrons lies between the  d5/2 and the h11/2 orbitals. The strongest octupole collectivity  has been predicted for the very light Xe and Ba isotopes with N~Z~56, on the basis of Strutinsky-type calculations  and Hartree-Fock+BCS and the generator coordinate methods [2,3]. However, in the vicinity of the N=Z line enhanced polarization can be expected, due to the presence of an isoscalar proton and neutron  ( ()d5/2 ( () h11/2 )3- term. These dynamical correlations are not taken into account in the mean-field approach. Such coherent proton neutron correlations are possibly responsible for the exceptional strong enhancement of the octupole collectivity which is encountered in our study of 114Xe. Experimentally, excited rotational bands have been found and interpreted as built on the octupole excitation first in 114,116Xe [4,5] and then more recently in 108,109,110Te [6,7,8] . The main argument to assign a negative parity to these bands in the case of  even-even nuclei or positive parity for odd nuclei, which is crucial for the octupole scenario, is the E1 character of the transitions linking the excited bands to the yrast bands. Such E1 assignments have been normally based only on measurements of branching ratios and angular correlations. Since confirmation of the electric character of these dipole transitions is of paramount importance  to establish firmly  the octupole nature of the observed bands, we have measured the linear polarizations of the gamma rays in 114Xe nucleus. In addition, using the plunger method, we have measured the lifetimes of the two lowest levels of the octupole band (5- and 3- at 2000 and 1623 keV excitation energy respectively) which allow the determination of the strength of the transitions  linking the proposed octupole band to the g.s. band [1].  The results firmly establish the octupole character of the excited band built on the state at 1623 keV. Furthermore, the observation of two new E3 transitions deexciting the 5- and 3- states of the octupole sequence has allowed a quantitative determination of the octupole collectivity.   
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Figure 2. Right: Partial level scheme of 114Xe. Left: Coincidence gamma ray spectrum obtained gating on the 558 keV ( line of the negative parity band. The spectrum shows the 1173 keV, 3-(2+ and the 1549 keV, 3-(0+ transitions. In the inset the coincidence spectrum obtained by gating on the 377 and 558 keV (-transitions is displayed. The spectrum has been compressed and shows the 1549 and 1623 keV (-lines. Livetime values for the 3- and 5- states and extracted transition probabilities for the 3-(0+ and 5-(2+ (-transitions are also reported.

The high efficiency of the EUROBALL array for high energy (-rays has allowed the identification of two E3, ( transitions of 1549.1(5) and 1623(1) keV respectively, connecting the  5- level at 2000 keV to the 2+ at 450.1 keV and  the 3- at 1623 keV to the ground state. The extracted branching ratios for the 5- and 3- levels at 2000 and 1623 keV of excitation energy  have been obtained from the coincidence data gating on the 558 keV (for the  5- level) and on the 558 and 377 keV (for the 3- level) (-transitions respectively. In order to exclude contributions to the observed intensity ratios from the sum of coincident (-rays we have analysed the sum-up of two strong E2 transitions, namely the 450 keV 2+(0+ and the 619 keV 4+(2+, by assuming that a possible 1069 keV (-line only is due to the sum-up effect since a direct E4 transition is highly unlikely. From such analysis we concluded that the sum-up contribution was smaller than 0.5% of the reported intensities and it has been included in the evaluation of the errors. The collectivity of the 3- state is strongly corroborated by the lifetime measurements. The deduced B(E3) transition matrix elements correspond to ~77(27) and 68(17) W.u. for the 3- ( 0+ and  5-( 2+ transitions respectively. These are among the largest measured transition moments hitherto. They are twice as large as the B(E3) of the 3- (0+ transition (37 W.u.) in 146Gd. The strength is actually similar to the 12+(9-  transition in 148Gd (77(11) W.u.) which corresponds to the two-phonon to one-phonon de-excitation and should therefore  have a value for the transition rate twice that of the one-phonon to the zero-phonon state. Note that a case of similar strength is also reported  for the A=100 region which has not be explained in terms of  simple harmonic octupole vibration. The octupole strength in 114Xe is actually of similar size  to the measured E3 moments of  226Ra which were used to determine a  {static} octupole deformation of (3~ 0.1. Analoguous to 146Gd, the octupole collectivity in the neutron deficient Ba-Xe region originates  mainly from the stretched  (d5/2 – h11/2) 3- coupling. In order to compare the collectivity of 114Xe and 146Gd, we have calculated the B(E3) matrix elements by means of the Tamm-Dankoff approximation, using the experimental energy of the 3- as an input to the calculations. The spherical calculations yield similar values of the B(E3) matrix elements for both nuclei. In addition, due to the presence of quadrupole  deformation in 114Xe, one would expect a reduction of the B(E3) strength with respect to 146Gd. We are thus facing the fact that one  is dealing with an exceptional enhancement of the octupole strength for the  case of  114Xe. Since the dominant component of the octupole phonon in 146Gd originates from the contribution of  the proton d5/2 – h11/2 configuration,  the strength of the transition in  114Xe, almost twice the one of  146Gd, suggests a coherent contribution of { both} protons and neutrons. Clearly, standard mean field calculations cannot account for the experimental findings. As discussed above, the neutron (proton) Fermi surface is just above (below) the (=1/2, h11/2 orbit. However, pairing  correlations smooth out the occupation probabilities implying that the quasi-particle occupation factors of protons and neutrons become similar. A possible mechanism for the observed enhancement in 114Xe can be  related to the vicinity to the N=Z line. In N=Z nuclei, one does not only encounter the standard  () (d5/2 –h11/2 ) coupling but one may recouple protons  and neutrons into an isoscalar  ( ()d5/2 – ()h11/2)3-  term. Such proton neutron correlations result in a strong enhancement of the octupole polarization, making it almost twice as  large as for the case when protons and neutrons fill different shells. 
Isospin mixing in N~z nuclei

Experimental tests of the isospin symmetry, which is intimately related to the charge independence of the nuclear force, have been recently performed up to the A=40 mass region in pioneering  experiments using radioactive nuclear beams [9]. Measurements of the electric multipole matrix elements have been performed in isobaric triplets using Coulomb excitation. Here the isospin conservation requires that the isoscalar term extracted from averaging the matrix elements for the mirror nuclei (Tz= ±1) coincides with the one extracted from the N=Z nucleus (Tz= 0). In order to produce with enough intensity Tz= -1 nuclei, to be able to perform Coulomb excitation experiments in heavier mass regions, such method requires new generation radioactive beam facilities.  An alternative possibility is offered by the use of  (high intensity) stable beams for  spectroscopic studies of Tz=0 and (1/2 nuclei. In both cases lifetime measurements of E1 transitions can probe the isospin breaking isovector component of the force. Forbidden Fermi decays have also been used recently for the same purpose  ( ex. 74Rb ) at Isolde [10].

Test of Isospin Symmetry for N=Z Nuclei  in the A=60 Mass Region 

In the case of Tz=0 (N=Z) nuclei one can investigate experimentally the amount of isospin impurity in the low-lying states through E1 lifetime measurements. In fact the electric dipole transitions in N=Z nuclei between states of equal isospin are forbidden by isospin conservation. Therefore, E1 transitions between low-lying states of even-even N=Z nuclei can only proceed through the mixing of T=0 and T=1 states induced by the Coulomb interaction. An example is offered by the 64Ge nucleus, where an intense 1665 keV transition, previously assigned as a pure E1 from systematic, was observed to connect the low-lying 5- and 4+ states. In fig. 3  a partial level scheme of the N=Z nucleus 64Ge, obtained from recent experiments performed at Euroball [11], is  compared with that of the isotope 66Ge. One notices the presence in both nuclei of the strong 5-→ 4+  transition which is rather surprising because in the self-conjugate nucleus 64Ge the E1 transition should be forbidden by the isospin selection rule. Under the assumption that the 5-→ 4+  has a E1 character, such transition in 64Ge is only possible through isospin mixing with T=1 states of equal spin and parity which lie ( 3 MeV higher in excitation energy.
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Figure 3.  Partial level scheme of 66Ge and 64Ge. The width of the arrows is proportional to the intensities of the transitions.

For a quantitative determination of the isospin mixing probability both the multipole character and the partial lifetime of the   5-→ 4+ transition in 64Ge have been measured. The production in the same reaction of the N=Z+2  66Ge nucleus has allowed a direct comparison between the angular distribution and polarization data also for the 5-→ 4+ 1510 keV transition in 66Ge and the same quantities for the corresponding 1665 keV transition in 64Ge. The multipolarity for both the 1665 and 1510 keV transitions were inferred through angular distribution and DCO analysis; the mixing ratio δ and the alignment parameter σ/J were deduced simultaneously from a fit of the angular distribution data. In the case of the 1665 keV transition, the best fit gives δ = -3.93 -0.41+0.75, with a reduced χ2=0.80, whereas it gives δ~0 for the 1510 keV transition in 66Ge. A polarization correlation analysis was performed using the Clover detectors of Euroball. The asymmetry A=N┴-N║ / (N┴+N║) for the 1510 keV transition in 66Ge was found to be positive which, combined with the angular distribution results, confirms its stretched E1 character. A similar analysis for the 1665 keV line in 64Ge gives a negative asymmetry, which is compatible with the large δ value resulting from the angular distribution fit with a predominant M2 character of the transition (93%) and a very small E1 component. Despite the fact that 64,66Ge nuclei have almost equal level schemes, reflecting the same intrinsic structure for the excited states, their different isospin is reflected in the strong hindrance of the E1 transition in the N=Z nucleus. In the plunger experiment we have measured lifetimes in 64Ge using the RDDS method. The Ge array was coupled to the Cologne plunger  as previously described. In the experiment we could follow the decay of  64Ge  up to the 9- level at 5373 keV . The 1127 keV transition de-exciting this level appears completely shifted at a target-stopper distance of 100 μm, suggesting a quite short lifetime of the level.  The decay curve of the 528 keV γ-ray de-exciting the 7- level at 4246 keV  corresponds to a meanlife of τ = 43± 8 ps. For the decay curve of the 1665 keV  γ-ray de-exciting the 5- level at 3718 keV a two level fit including the lifetime of the 7- levels gives  τ = 26 ± 13 ps. 

Considering the multipole mixing ratio, the experimental strengths are B(E1, 1665 keV) = 2.3 ± 1.3 10-7 W.u. and B(E2, 747 keV) = 1.0 ± 0.5 W.u.. The latter value is in good agreement with the systematics of the even Ge isotopes. 

In order to estimate the amount of isospin mixing implied by the presence of a forbidden E1 transition between T=0 states, a calculation has been performed with the very schematic model described below. As the level schemes in the two isotopes 64Ge and 66Ge are almost identical in the low-energy part, we assume that the corresponding states in the two nuclei have identical wavefunctions, apart from a pair of correlated particles in 66Ge (or holes in 64Ge) coupled to J=0, T=1. Here, it is interesting to notice that the assumption made in the erratum of Ref.[12] of identical B(E2) strength for the weak E2 transitions deexciting the 5- levels in 64Ge and 66Ge is well supported by our experimental results, being  B(E2, 747) = 1.0(5)W.u. in 64Ge and B(E2, 886) = 0.4(1)W.u. in 66Ge.In order to really behave like a ``spectator'', the additional pair should lie outside the region of valence (sub)shells: otherwise, the antisymmetrization of the wavefunction would imply an expansion with fractional-parentage coefficients. However, neglecting antisymmetrization could be not too bad an approximation if the wavefunctions of the parent state and of the correlated pair are superpositions of a number of different configurations. We could assume that the levels of 66Ge are obtained by coupling a pair of correlated neutrons to the T=0 states of 64Ge. This could be a reasonable approach, but would lead to the conclusion that the strength of the E1 transition in 66Ge is the same as in 64Ge, in contrast with the experimental results. Alternatively, one can assume that the relevant states of 64Ge are obtained by removing a pair of neutrons (coupled to J=0, T=1) from the corresponding states of 66Ge. However, the state thus obtained would not have good isospin. In order  to project onto a pure T subspace, one must include in the wavefunction all the terms corresponding to different parent states of the isospin triplet with A=66.

|A=64,J,T,T3=0 ( = |  [(A=66,J,T=1) ( ( h2,J=0,T=1) ] J,T,T3=0(
where the tensor product is performed in the isospin space, and the resulting isospin T in 64Ge can be equal to 0, 1 or 2. Now, we take into account the isospin mixing between the T=0 and T=1 states of equal J in 64Ge. The wavefunctions of the initial state | i ( and of the  final state | f ( of the E1 transition can be expressed as:
|i,J( = (i|J,T=0( + (i|J,T=1(
|f,J’( = (f|J’,T=0( + (f |J’,T=1(
with (x = ((1- (x2} ~1  if (x (( 1  to obtain:

( i,J ||  M(1) (E1) || f,J’ ) = (i ( J,T=1 ||  M(1) (E1) || J’,T=0 ) + (f ( J,T=0 || M(1) (E1) || J’,T=1 )

The values of the reduced matrix elements for 64Ge can be related to the corresponding one in 66Ge by standard methods of tensor coupling (in the isospin space). 

One obtains:
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( i,J || M (1) (E1) || f,J’) 64Ge=((( ({2/3}( i,J ||  M (1) (E1) || f,J’)66Ge
with  (( = (i - (f.

To estimate the {minimum} isospin mixing necessary to account for the experimental results, one considers the situation giving the maximum E1 strength for a given value of (i2  + (f2. This happens for (i = - (f   = (.   We obtain, in this case:
B(E1,J(J’,64Ge}) ={8/3} (2 B(E1,J(J’,66Ge)

However, one should remember that the mixing with other T=1 states could alter the above conclusions. For instance, mixing the initial (final) state with T=1 states having a negligible E1 transition amplitude to the final (initial) state, would increase the isospin impurity of the state without any consequence on the B(E1). On the other side, if several T=1 states contribute to the E1 amplitude through their mixing in the initial or final state, the resulting B(E1) can be substantially larger than the weighted sum of individual B(E1)'s if the contributing amplitudes add coherently.

[image: image9.wmf]Substituting the experimental values one would obtain an isospin mixing (2=2.50%(+1.0% -0.7%). This value is of the same order of magnitude as predicted by various theoretical calculations of isospin mixing in the ground states of even-even nuclei  (Dobaczewski and Hamamoto [13] and Colo’ et al.  [14]). 

Isospin Symmetry from E1 Amplitudes of Tz=(1/2 A=67 Mirror Nuclei

E1 amplitudes in mirror nuclei can be used to investigate the induced isoscalar term. Also here the isovector  part of the non-charge-invariant Coulomb potential is responsible for breaking the symmetry, since it has opposite sign in mirror nuclei, but in this case it will mix together  also states  of equal isospin.   Unlike  the  N=Z case,  the isovector

amplitude is different from zero and the difference between the mirror E1 strengths comes out from the interference between the induced isoscalar term and the isovector term. The experimental signature of the isospin violating force is here a first order effect while it is of second order in N=Z nuclei [15].
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the 67Se-67As nuclei are the heaviest mirror pair presently known -fig.5-. The level schemes of  both nuclei are characterized by strong E1 transitions de-exciting the main decay sequence. Here a comparison of the 9/2+(7/2+ transition strengths should allow a determination of both the isoscalar and isovector component of the E1 transitions. Figure 5 also shows the Coulomb energy difference (CED), the difference between isobaric analogue states, for  67Se-67As. The an-expected  behaviour of the CED, showing a negative off-set of about 50 keV, can be possibly related to the electromagnetic spin orbit contribution to the binding energy which has a sign depending on the relative orientation of the spin and orbital angular momentum, orientation which reverses going from the  f5/2- orbital of the g.s. to the g 9/2+ level at ~700 keV of excitation energy.

FUTURE PERSPECTIVES AT LNL WITH HIGH INTENSITY STABLE ION BEAMS

The nuclear structure studies on nuclei far from the stability valley has been one of the main goals of experimental and theoretical nuclear physics in the last years. The final aim of this studies is to develop models for the nuclear interaction potential, describing the new nuclear structure phenomena like the nuclear halos (connected with loosely bound nucleons), the evolution of the shell closures and the new regions of nuclear deformation with structural and dynamical symmetries.

The coupling of an array of Clover detectors with the PRISMA spectrometer of the Legnaro National Laboratories will allow to study the nuclear structure of moderately neutron rich nuclei, populated at relatively high angular momentum, by means of binary reactions such as multinucleon transfer and deep inelastic.

The project will benefit largely from the stable beams, at medium and high intensity, which will be available from the PIAVE+ALPI complex, following its commissioning in the second half of 2002.

The physic topics covered by this setup will complement studies performed with current radioactive beam (RIB) facilities, at least until the second generation of RIB facilities like SPES, SPIRAL II, SIRIUS or RIA, is working fully. The use of these reactions, where possible, has the advantage that the outgoing reaction products have relatively low velocity, in contrast to the products of fragmentation reactions.

Consequently, their use is compatible with the characteristics of the present generation of γ-arrays, which consist of non segmented detectors without tracking capabilities. This production method also works for proton rich nuclei, but in this case other mechanisms, such as compound nucleus reactions, are more efficient in general. The project is strongly supported by the international EUROBALL collaboration.

The PRISMA and Clover Array set-up

PRISMA is a large acceptance magnetic spectrometer for heavy ions, which is in the last phase of construction at LNL. It has  has been  designed for the  A=100-200, E = 5-10 MeV A heavy-ion beams of the XTU Tandem-ALPI-PIAVE accelerator complex. The most interesting features are its large solid angle of 80 msr; the momentum acceptance of 10%; the  mass resolution of 1/300 via TOF; the energy resolution up to 1/1000 and the rotation around the target in a large angular range  (-200(  ( ( 1300).

The above performance will be achieved by software reconstruction of the ion tracks using the position, time and energy signals from the entrance (start) Micro-Channel-Plate and focal-plane detectors. A more detailed description of Prisma can be found in Ref.[16,17] .



The use of the PRISMA spectrometer coupled to an anti-Compton (-array marks a step forward with respect to the previous spectroscopy studies with deep inelastic or multi-nucleon transfer reactions. The high resolving power of PRISMA will give, for most of the reaction products, the full identification of mass and Z and therefore lower the sensitivity limit in the measurements. This will make available information from reaction products having very low cross section and thus allow measurements on nuclei further away from stability.

In the definition of this project we have tried to optimize the sensitivity of the (-ray detector array considering the boundary conditions imposed by PRISMA and by the nature of  the binary reactions of deep inelastic scattering or multi-nucleon transfer. Considering the detectors available in the EUROBALL collaboration, an optimal array to be coupled to the PRISMA spectrometer could be based on the composite EUROBALL CLOVER detectors. They are composed of four Ge-HP crystals, each with a diameter of 50 mm, mounted in a single cryostat. The energy signals from the four crystals are acquired independently and, since one (-ray can interact with more than one crystal, add-back algorithms are used off-line to determine the (-ray energy.

To make use of the escape-suppression technique, the detectors are surrounded by a BGO anti-Compton shield, allowing a consistent improvement of the peak-to-total ratio. 

As a possible design for the array to be coupled to PRISMA we have chosen an hemisphere of CLOVER detectors. They will be placed at backward angles between  (=1040 and 1800  with respect to the entrance direction of the spectrometer. To estimate the performance of this array based on CLOVER detectors, Monte-Carlo simulations have been performed. The CERN detector design and simulation tool GEANT3 library has been used. The simulation of the interaction of (-rays  with the detectors has been carried out including all relevant physics processes and with the proper geometry. It has been carried out under the kinematic conditions expected when measuring with PRISMA.

From these calculations we have obtained the following performance figures:

Total peak efficiency ~ 3 % for E( = 1.3 MeV.

Peak/Total ratio ~ 50 %.

Energy resolution ~ 10 keV for  v/c=10% and E( = 1.3 MeV.




The detector system, installed on a mobile platform, will rotate together with the spectrometer, in such a way that reaction products detected in the spectrometer focal plane, in coincidence with the (-rays, will have a forward trajectory with respect to the array. The  PRISMA start detector (micro channel plate) allows one to determine the trajectory of the products with an angular resolution (( < 0.50. Because the high accuracy in the direction of the nuclei emitting the (-rays the final Doppler broadening will be due to the angular aperture of the Ge crystals alone. 
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Figure 6.  Left: The PRISMA Spectrometer at LNL. Right: Drawing of the new Clover Array Spectrometer coupled to PRISMA.








Figure 4.  Deduced value of the isospin mixing probability compared with the predictions by Dobacewski and Hamamoto .























Figure 1. Right:  Gamma ray spectra for 114Xe measured at the indicated distances. The unshifted (U) and shifted (S) peaks of the 450 and 377 keV (-transitions are clearly distinguished. 


Left : Determination of the lifetime of the 5- level using the data taken with the detectors of ring 0 (1560). The ( curve is shown on top followed by the numerator and denominator  of equation, respectively (see text). The shifted  decay-curve of the is shown below its time-derivative, in the bottom panel.





Figure 5.  Left: Coulomb energy difference for the A=67 mirror pair as a function of the angular momentum as obtained from the present data. Right: The level schemes of 67Se and 67As showing  E1 transitions connecting the 9/2+  to the 7/2- states. 








