Exploring single-particle and collective low-lying states in neutron rich nuclei towards 78Ni with the plunger technique at GANIL: The case of 73Cu

Abstract: The goal of the proposed experiment is to measure the gamma decay of excited states in 73Cu that are populated by one-proton pick-up reactions from a 74Zn beam, and to and measure their lifetimes. 

I. Motivation

The neutron-rich nickel isotopes in the vicinity of 78Ni are in the focus of modern nuclear physics and astrophysics studies [1-7]. The enormous interest in this region is motivated by several factors. The primary issue concerns the doubly-magic nature of 78Ni and understanding the way in which the neutron excess will affect properties of nearby nuclei and the 78Ni core itself. The astrophysical importance is related to the understanding of the nuclear mechanism behind the rapid capture of neutrons by seed nuclei through the r-process. The path of this reaction network is expected to lie in neutron-rich nuclei for which there is little experimental data, and the precise trajectory is dictated by the details of shell structure far from stability. 

One of the most critical ingredients in determining the disappearance or appearance of magicity in nuclei far from stability is the evolution of single-particle energies with increasing neutron or proton numbers when moving away from the valley of stability. The three known cases of disappearance of shell effects at N=8, 20 and 28 in neutron rich nuclei are understood as due to the effect of the tensor part of the nucleon-nucleon interaction [8]. The tensor force is held responsible for the strong attraction between a proton and a neutron in spin-flip partner orbits. A recent generalization of such mechanism foresees a similar behaviour also for orbitals with non-identical orbital angular momenta. It is expected that orbitals with anti-parallel angular momenta attract each other and orbitals with parallel angular momenta repulse each other (figure 1) [9]. The change in shell structures based on this mechanism has recently been discussed for different mass regions of the nuclear chart [9,10]. 
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Figure 1: Intuitive picture of the tensor force. Taken from [9]

In this context neutron-rich nuclei close to shell gaps are particularly interesting since they allow to search for anomalies when compared with shell-model predictions [10,11]. It is predicted, for example, that the Z=28 gap for protons in the pf-shell becomes smaller when moving from 68Ni to 78Ni as a consequence of the attraction between the proton f5/2 and neutron g9/2 orbits and the repulsion between the proton f7/2 and the neutron g9/2 states. The same argument would also predict a weakening of the N=50 shell gap when depleting the proton f5/2 state upon approaching the 78Ni nucleus, due to the diminished attraction between the neutron g9/2 and the proton f5/2 orbits and the reduced repulsion between the neutron g7/2 and the proton f5/2 states. 
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Figure 2: Evolution of 1/2-, 5/2-, and 7/2- excited states with respect the 3/2- ground state in copper isotopes. The excitation energy of the 7/2- and 5/2- states clearly decreases when the occupation of the g9/2 neutron orbital sets in

Experimental investigations of neutron-rich nuclei have greatly advanced over the last decade, providing access to many of the Z=28 isotopes and N=50 isotones. Experimental information concerning the decrease of the Z=28 proton gap when approaching N=50, i.e. when the g9/2 neutron orbital is being filled, comes from Franchoo et al. [12]. The decrease of the excitation energy of the 5/2- state in the copper isotopes is consistent with a strengthened interaction between the proton f5/2 and neutron g9/2 orbitals due to the tensor force (figure 2). This conclusion is reinforced by recent results from Coulomb excitation experiments at Rex-Isolde indicating that the 5/2- states in 69,71,73Cu have predominant single-particle origin [13]. As a matter of fact, the B(E2) values measured for the transitions from the 5/2- to the 3/2- ground state in these isotopes were consistently small (figure 3). A similar effect is expected also to be present in the evolution of the 7/2- state, provided it has an f7/2 single-particle character. In the Rex-Isolde experiment a single-particle character was excluded for one of the two known 7/2- states in 69,71,73Cu because of the relatively large B(E2) values that were measured.  
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Figure 3: Preliminary B(E2) values measured in low-energy Coulomb excitation [13]. In contrast to one of the two known 7/2- excited levels that is shown here, the 5/2- state seems to be dominated by a single-particle component for the copper isotopes with N>40  

The goal of the experiment that we propose here is to populate excited states in 73Cu through a proton pick-up reaction. This production mechanism is very selective and it should favourably populate single-hole states, contrary to a Coulomb excitation where states with predominant collective character are expected to come forward. The single-particle character of the states populated in a single-nucleon pick-up reaction would impose a longer lifetime of those states, subsequently making them more suitable for a Doppler-shift lifetime measurement technique. Additional advantage of this technique is gives a model-independent determination of the transition probability without demanding an absolute measurement. This approach is complementary to Coulomb excitation for the study of copper isotopes up to N=50. The method that will be used is the differential plunger technique: the rate of gamma-ray emission will be measured before and after passage of the excited ion through a degrader foil that is placed behind a target and this at different target-degrader distances in order to constrain the lifetime of the gamma transition. The rate of gamma emission before and after the degrader foil will be distinguishable from the difference in Doppler shift that results from the energy loss of the ion in the degrader foil. 

The differential plunger technique is a very powerful tool, with which one can measure short life times (down to a few picoseconds) of excited states that are populated in nuclei far from stability. It is the goal of this proposal to introduce this technique at GANIL. The case we put forward here attempts at both testing the method in order for it to be routinely used at GANIL in the future as well as getting more insight in the structure of 73Cu. 
The aim of this proposal is, in addition to the data from Coulex measurement at Rex-Isolde, to give a complete picture of the low-energy structure in the Cu isotopes towards the middle of the g9/2 orbital via: i) identification of the levels with a predominant single-particle character and ii) determine, in a model-independent way, the transition probabilities of those levels towards the ground state. 

The success of the present project will give important information on the migration of the single-particle energies with the filling of the g9/2 orbital. In addition it will allow the establishment of the powerful plunger techniques as an accomplishment to the variety of the techniques, applied both to post-accelerated and fast RIB’s, available at GANIL.
II. Experimental procedure

A 30 MeV/u 74Zn beam will be produced from a 60 MeV/u 76Ge primary beam on a 160 mg/cm2 carbon target in SISSI (wedge 250 µm Be). The rate of 74Zn will be ~3x104 /s with a beam purity of ~50% and it will be directed onto a 30 mg/cm2 thick CD2 target. For a proton pick-up cross section of 5 mb to an f7/2 hole state with a spectroscopic factor of 50%, we expect a rate of 73Cu* that amounts to 1200 /h. 
The excited 73Cu nuclei will come out of the 30 mg/cm2 CD2 target with an energy ~24 MeV/u. Choosing a degrader foil of 100 mg/cm2 93Nb, we require measurements at ten distances from ??? to ??? mm between target and degrader in order to cover the time range of 1 – 30 ps (???). This should allow us to determine the lifetime both of the 7/2- ( 3/2- transition (1 W.u. (E2) = 30 ps) as well as 5/2- ( 3/2- (1 W.u. (M1) = 0.9 ps). With Geant-4 we have simulated the spectrum of a 1 MeV gamma transition with a life time of 10 ps in four of the Exogam germanium detectors that are positioned at 135 degrees (figure 4). 

Figure 4: Geant-4 simulation of the spectrum of a 1 MeV gamma transition in 73Cu at 30 AMeV detected in 4 Exogam clovers at 135° with a Doppler shift that is different for the target and the degrader 0.5 mm away

We propose to use 8 Exogam clovers - 4 at 45% and 4 at 135%. They are currently installed at VAMOS, although SPEG and LISE spectrometers would also be suited for our experiment. Taking into account the 73Cu production rate at the target position (1200 /h), standard Exogam efficiency (~4% for 4 detectors at standard distance) and the efficiency of the 73Cu identification after the spectrometer (several charge states will be present in the beam after the degrader foil) we end up with about 18 73Cu-ray correlations per hour. Requiring 300 (-rays in the photo-peak would mean that 2 UT’s will be necessary per distance. 
III. Beam time request

We need 3 UT for setting up and optimisation of the 74Zn secondary beam with SISSI. We shall measure for 2 UT at each of the ten different distances between target and degrader. In order to exclude systematic errors and delimit background issues, we need 2 more UT with degrader but without target. In order to carry out our programme, we thus ask for 25 UT of beam time.
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Figure: Level scheme of 73Cu obtained from beta decay and low-energy Coulomb excitation. Only the 7/2- state at 961 keV was seen in the Coulomb excitation experiment 
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