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One of the main objectives of this project is to study isomeric states in 72,75Cu. This includes the measurement of conversion coefficients for excited states in these nuclei. The experimental technique used in this case is fragment separation by time of flight and implantation of nuclei of interest in a thin foil (for that slowing down of the fragments is necessary by using additional thickness).  
The slowing down causes increase the energy straggling and angular straggling, the latter resulting in considerable vertical spread of the nuclei of interest (of the order of few centimetres). For this reason, part of the experiment preparation consisted of calculations of detector thicknesses and choice of necessary materials for identification, slowing down and implantation of the fragments. On the other hand, simulations of the detection efficiency and optimization of the set-up geometry are performed. 
For the determination of detector and material thickness the LISE++ code was used; it allows also the optimization of the experimental set-up. Various research facilities such as GANIL, Dubna, GSI, NSCL, Riken are implemented in the database of the LISE ++ code, and it can be also used as an electronic “handbook”, being able to perform numerous physical calculations. 
The  LISE2000 spectrometer of GANIL, which has been used in this experiment, is also available among the possible configurations within the code, and therefore calculations were performed for the optimization of the spectrometer parameters in order to improve the transmission of the fragments of interest and to estimate their production rates, as well as for the determination of detector and material thicknesses.
One of the detectors in the set-up (E1D6), a 50mm x 50mm x 150mm Si detector, was used for the identification of the fragments by the energy loss-time-of-flight technique. Another Si detector with an active area of 63mm X 63mm was used for energy loss and position information in the vertical plane; this information is used for the reconstruction of the implantation distribution of the nuclei in the kapton foil. The Al foil with a thickness of 115um, placed between these detectors, was used for degrading the beam energy and thus controlling the implantation of the nuclei of interest into the kapton foil. The kapton foil can be tilted horizontally (variable effective thickness) for a more precise control of the implantation depth. The thickness of the kapton foil was of 75um. 
The last detector along the beam was a 500um Si detector, used as a veto (for the rejection of the events associated with the fragments that were not implanted in the kapton foil. Above the kapton foil a low-energy Ge detector (LEPS) was placed for the detection of the low-energy gamma rays. Below the foil there was a Si(Li) detector for conversion electrons from the decay of the excited states. 
The choice of the effective thickness of the kapton foil and of the detector positions was made according to calculations and simulations of geometrical and total detection efficiency. The first calculations that were performed  took into account only the geometrical efficiency. These calculations were performed using a software that employs the ROOT libraries.  The main goal was the optimization of the positions for the gamma- and electron detectors. The calculation of the detection efficiencies was very difficult because of the very large distribution of the nuclei implanted in the kapton foil, in fact comparable in size with the distances to the detectors and their size. Monte Carlo simulations were performed using the GEANT4 code developed at CERN and based on the C++ programming language, compatible with the ROOT package, also developed at CERN. The detection geometry was entirely defined by these simulations. The ROOT package was also used in the subsequent data analysis.

Another important step in the preparation of the experiment is the optimization of the production rates. In order to ensure a successful experiment the maximum intensity of the primary 86Kr beam was used.  The security regulations limit the beam intensities used at GANIL, and therefore a preliminary test was performed before the experiment in order to study the diffusion of the heat in the beamline in the first dipole  (D31).
By interacting with the Be target, some of the 86Kr nuclei capture one or more electrons. This process has a non-negligible probability and therefore the emergent 1+ charge states will be stopped in the beamline causing it to heat; the accepted limit being of +2 degrees. The preliminary test showed a heating of max. +0.8 degrees and therefore the optimum magnetic rigidity of the D31 dipole for the production of 75Cu was validated.

Adaptation of the reaction chamber for the combined electron and gamma spectroscopy experiment.
After the optimization of the geometrical set-up by means of Monte Carlo simulations, the reaction chamber was adapted for the experiment. The design was made using CAD software. Thus, the flanges and their thicknesses were designed in order to allow a close positioning of the detectors for an optimum efficiency, also for low gamma energies. These mechanical parts were made in our institute using a CNC (Computer Numerical Control) device. The chamber was subsequently subjected to a vacuum test at 10-6 mbar.
Experiment
The experiment was performed at GANIL (France). Nuclei of interest were produced by the fragmentation of a 60.4 MeV/A 86Kr beam on a Be target. The fragments were separated using the LISE2k spectrometer and identified by energy loss and time of flight information.
The energy of the primary beam being relatively low, the production of charge states was not negligible and therefore overlapping nuclei appear in the identification matrix (e. g.  72Cu (1+) overlaps with the completely stripped 75Cu).  The produced nuclei were implanted in the kapton foil, which was tilted at an angle of 80 degrees. Three gamma Ge detectors were used for gamma detection (one of them of LEPS type), and a liquid nitrogen cooled SiLi detector was used for electron detection (see Fig. 1).
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Fig. 1. SiLi detector cooled with liquid N2
Fig. 2 shows a gamma spectrum conditioned by the implantation of the 75Cu nuclei in the kapton foil.  Compared to [1], this spectrum has a better statistics, which allowed us to establish that the two gamma rays from the 75Cu are not in coincidence. 
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Fig.2. Gamma spectrum after the implantation of the 72Cu and 75Cu nuclei
In the Una 75Cu nucleus, the p3/2 and f5/2 orbitals are inverted. The aim of this experiment was to determine the order, the spins and the parities of the first three levels in this nucleus. In order to achieve this, the half-lives of the first two excited states were accurately measured. Fig.  3 shows the time spectra corresponding to the gamma transitions at  66.2 keV and 61.7 keV, respectively.
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Fig. 3. Time spectra corresponding to the two gamma transitions observed in the 75Cu nucleus

Fig. 4 presents the spectrum obtained from the SiLi detector. The statistics is significantly lower than expected. This fact can be explained by a background associated with the secondary beam that could not be eliminated and caused a high dead time. 
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Fig.4. The electron spectrum after the implantation of the 72Cu and 75Cu nuclei
Based on these experimental results two scenarios are possible for the spins and parities of the states (see Fig. 5).
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Fig. 5. The experimental level scheme of 75Cu based on the two alternative scenarios. The middle picture shows a level scheme predicted by shell-model based theoretical calculations.
Study of Cu isotopes using transfer reactions
Another objective of this project is the study of Cu isotopes obtained by transfer reactions. The main advantage of these reactions is the possibility of direct measurement of the multipolarities of the states populated in the reaction by measuring the angular distributions of the emitted particles. In this case the 70Zn(d,3He)69Cu reaction was used. 
The transfer reaction experiment has been performed at the Orsay tandem in direct kinematics. The deuteron beam was delivered by the tandem with an energy of Ed = 27 MeV and we used a target of 70Zn isotopically enriched to 95.4% on a backing of carbon. Because the oxidation is very rapid for zinc, one of the contaminants on top of carbon was oxygen. Also a silicon contamination was observed. We can see the different kinematical lines for the elastic scattering in figure 6, the correspondence of which with the measurements clearly shows the presence of the listed contaminants. To detect the 3He of interest from the reaction, we have used the split-pole spectrometer. The measurements were done at (lab = 4, 6, 9,

12, 15, 18, 21 and 24 degrees for the transfer reaction plus 30 and 40 degrees for the elastic scattering. Once the focal plane was tuned for our reaction the resolution was about ( = 18 keV or FWHM = 42 keV. 
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Fig. 6. Kinematical lines for the elastic scattering of the different contaminants in the target. The points correspond to measured B( and the line to the kinematical calculation.

The position of the detected particle in the focal plane is proportional to the magnetic rigidity B(. Once we know this B( and the angle of detection in the laboratory frame, one can reconstruct the excitation energy

spectrum of 69Cu.
Dissemination of the results
The results obtained in the framework of this project have been presented at several conferences:
A) The Annual Session of Scientific reports of the Faculty of Physics (Bucharest, Romania): „Gamma spectroscopy of isomers in neutron-rich nuclei: 75Cu and 78Ga.
B)Carpathian Summer School of Physics: Exotic Nuclei and Nuclear/Particle Astrophysics(IV) From
Nuclei to Stars, „Study of isomeris states using gamma spectroscopy around N = 40”.
C)„Dynamics of open nuclear systems”- Summer school, „Low energy isomeric levels of nuclei near
N = 40”.
D)Zakopane Conference on Nuclear Physics, “Gamma spectroscopy of isomeric states in neutron-rich nuclei: 75Cu and 78Ga.
Part of the experimental data were also used in the PhD thesis of Cristina Petrone. 
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