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Elasti sattering studies of 16C at 50 MeV/A onproton and deuteron targets with the CHIMERAmultidetetor at INFN-LNSL Grassi1,2,11, C Agodi3, F Amorini3, A Anzalone3, L Auditore4,G Cardella2, M B Chaatterjee5, E De Filippo2, E Gerai2,6,A Grzeszzuk7, E La Guidara2,8, G Lanzalone3,9, I Lombardo3,9,S Lo Nigro2,6, D Loria4, C Maiolino3, T Minniti4, A Pagano2,M Papa2, S Pirrone2, G Politi2, F Porto3,6, F Rizzo3,6, E Rosato10,P Russotto3,6, S Santoro4, A Tri�rò4, M Trimarhi4, G Verde2and M Vigilante10

1 Ru�er Bo²kovi� Institute, Zagreb, Croatia
2 INFN - Sezione di Catania, Italy
3 INFN - Laboratori Nazionali del Sud, Catania, Italy
4 INFN - Gruppo ollegato di Messina and Dipartimento di Fisia, Universitá di Messina, Italy
5 Saha Institute of Nulear Physis, Kolkata, India
6 Dip. di Fisia e Astronomia, Universitá di Catania, Italy
7 Institute of Physis, University of Silesia, Katowie, Poland
8 CCSFNSM, Catania, Italy
9 Universitá Kore di Enna, Italy
10 INFN - Sezione di Napoli and Dipartimento di Fisia - Universitá Federio II, Naple, ItalyE-mail: laura.grassi�irb.hrAbstrat. At the Laboratori Nazionali del Sud (LNS) in Catania (Italy), light radioative ionbeams have been produed through the In Flight Fragmentation method, using 18O and 13C at55 MeV/A as primary beams impinging on a 9Be prodution target. Elasti sattering angulardistributions of 16C+p and 16C+d at 50 MeV/A, 10Be+p at 56 MeV/A and 13B+d at 52 MeV/Asystems were measured by using the CHIMERA (Charge Heavy Ion Mass and Energy ResolvingArray) multidetetor and kinematial oinidene tehnique. The experimental data are �ttedby using the optial model.1. IntrodutionProgress in nulear siene is often driven by new aelerator and other advaned failities, whihallow probing more and more deeply into the struture of the nuleus, or even to disover newstates of nulear matter. Most of the elements in the osmos are formed in stellar environmentsvia reations that involve many rare isotopes, whih are short-lived nulei (alled exoti nulei)very far from the line of stability. The properties of most of these isotopes are unknown and theyan be studied thanks to new failities in the world and to the theoretial model alulations. In
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this senario, nowadays di�erent failities are running to produe exoti beams and new projetsand tehniques are going to reah new exoti beams with high energy and intensity.At LNS, exoti beams have been produed for many years at low and intermediate energiesusing Isotope Separation On Line (ISOL) [1℄ and In Flight Fragmentation (IFF) [2, 3℄ methods.In this paper, we disuss the study of diret reations, using the CHIMERA multidetetor [4, 5, 6℄and beams produed by the IFF tehnique. Two experiments, with 18O and 13C primary beamsat 55 MeV/A impinging on a 9Be prodution target, have produed light Radioative Ion Beams(RIBs) with enough rate (103 - 104 p/s) to study diret reations on proton and deuteron targets.
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Figure 1. ∆E measured by the DSSSD against TOF between the silion detetor and the MCP.
13C primary beam at 55 MeV/A impinging on a 9Be (1500 µm) prodution target. The magneti�elds in the FRS are optimized to transport: (a) 11Be isotope; (b) 12B isotope.CHIMERA is a 4π multidetetor made of 1192 telesopes, it has been built at LNS to studyheavy-ion ollisions in the intermediate energy range (20-200 MeV/A)[5℄. The set up experimenthas required some upgrading in order to use radioative beams produed by IFF tehnique. Atagging system, onsisting of a Double Side Silion Detetor (DSSSD) and a MiroChannel Plate(MCP), has been installed on the CHIMERA multidetetor [7, 8℄. Energy loss (∆E) in theDSSSD and Time of Flight (TOF) measurements between the two detetors give the isotopiidenti�ation of the inoming beams. The elasti sattering angular distributions of 16C+p,
16C+d, 10Be+p and 13B+d systems were measured. Taking into aount that CHIMERA is a 4πmultidetetor, measurements of events in oinidene between telesopes oupled kinematiallyhave been performed. The results are very enouraging for future studies of transfer reationsand/or other diret reations.2. Prodution of neutron rih nuleiIn �ight prodution of Radioative Ion Beams (RIBs) at LNS was ahieved by projetilefragmentation on light targets at inident energies in the interval from 40 to 62 MeV/A [3℄.In the prodution of RIBs by the IFF method, the key role is played by the Fragment ReoilSeparator (FRS), a magneti �lter whih selets, aording to their magneti rigidity, thefragments produed in the reation. At LNS, the standard extration line of the aeleratorwas employed as a FRS, sine it was already built as an ahromati fragment separator [2, 3℄.
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During 2009-2011 di�erent experiments and upgrading of the beam line were performed tostudy the opportunities o�ered by suh beams using the CHIMERA 4π multidetetor [9, 10℄.Event by event isotopi identi�ation of the inoming beams was obtained by a tagging systemimplemented on CHIMERA. This tagging system onsists of a MiroChannel Plate (MCP) anda 16x16 strip Double Side Silion Strip Detetor (DSSSD) [7, 8℄. The MCP gives the start timereferene and the DSSSD gives the stop time referene and measures the position and the energyloss of the impinging beams. Time of Flight (TOF) and energies loss (∆E) measurements allowseletion of the inoming beam reation hannel.
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Figure 2. ∆E - TOF satter plot. 18Oprimary beam at 55 MeV/A impinging on a
9Be (1500 µm) prodution target.Primary beams of 13C and 18O at 55 MeV/A delivered by the Superondutive Cylotronprodued seondary beams around the 11Be region whih were transported to the CHIMERA.By using two di�erent set ups of the FRS, the 13C primary beam at 55 MeV/A impinging on a

9Be target produes mainly 11Be and 12B beams whih are quite pure and intense (10 kHz and160 Khz respetively). The orresponding satter plots are reported in Figure 1. An 18O primarybeam impinging on the same prodution target an also produe also 11Be with less intensity(3 kHz), but more heavy neutron rih beams like 16C and 13B (8 and 4.5 kHz respetively) (seeFigure 2).3. Elasti sattering dataThe main purpose of the experiments performed was to measure the intensity of beams at thesattering hamber and study the apabilities of CHIMERA by using kinematial oinideneand IFF beams. Considering that the CHIMERA multidetetor overs 94% of the total solidangle, the kinematial oinidene tehnique reveals all of its power. The study of events inoinidene between two telesopes is based on the omparison with the kinematis expeted forthe diret reation involved (elasti or inelasti sattering, transfer reation, et.). The energyspetra are leaned of bakground and the reation mehanisms involved are uniquely identi�ed.In this ase, the e�etive polar and solid angle of the measured ross setion is not the openingof the detetor but the result of the mathing between the kinemati rules and the detetor.Initially the method was tested with a 7Li beam at 52 MeV on a proton target, obtaining anenergy resolution better that 400 keV [11℄. Using the IFF beam, some problems arise beausethe diretions of the inoming beams do not orrespond to the symmetry axis of the detetorarray geometry. The lak of a beam traking has revealed some di�ulty in the beam linereonstrution. Analyzing events deteted in the forward part of the CHIMERA array and

Rutherford Centennial Conference on Nuclear Physics IOP Publishing
Journal of Physics: Conference Series 381 (2012) 012088 doi:10.1088/1742-6596/381/1/012088

3



(degree)CMθ
0 10 20 30 40 50 60 70 80 90 100

R
ut

h
σ/σ

-110

1

10

210

310

C+p elastic scattering16

=50 MeV/AC16E
Fit
Experimental data

Figure 3. 16C+p at 50 MeV/A elastisattering angular distribution. (degree)CMθ
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Figure 4. 16C+d at 50 MeV/A elastisattering angular distribution.punhing through the DSSSD has allowed some reasonable assumptions to be applied to thedata redution. Next improvements with a position sensitive MCP, positioned in front of thetarget, together with a DSSSD will permit aurate beam path reonstrution.Seleting the initial reation hannel and measuring the number of inoming partiles inkinematial oinidene, the elasti sattering angular distributions were obtained for thefollowing systems: 16C+p and 16C+d at 50 MeV/A, 10Be+p at 56 MeV/A and 13B+d at 52MeV/A. Errors in the ross setions are given by the Poisson statisti. The few data points aredue to the lak of statistis.Table 1. WS optial potentials obtained from the �t of the experimental data.Reation hannel V(MeV) R0 a W(MeV) R0i ai RC0 hi2/point
16C+p 270 1.20 0.85 45.9 1.20 1.20 1.26 0.20
16C+d 246 1.17 0.90 28.6 1.20 1.70 1.26 0.40
13B+d 219 0.82 0.75 23.5 1.10 0.99 1.25 0.05
10Be+p 278 0.57 0.31 16.8 0.90 0.40 1.25 4.50The experimental data are �tted using optial model with alulations performed by thePTOLEMY ode [12℄. A Woods-Saxon (WS) form of the real and imaginary potential was used.To avoid a �t with too many free parameters, that an produe �unphysial� results, initially theradius and di�useness (real and imaginary parts) were �xed and the potential depths were setas �free� �t parameters. The initial values to the �t were taken from similar system in [13, 14℄.The potential parameters are shown in Table 1 and the orresponding ross setion angulardistribution with respet to the Rutherford ross setion, in the entre of mass frame, are shownin Figures 3 - 6. As expeted, due to the short range of the nulear fore, the Coulomb fore issizeable only for sattering at very small angles. At inreasing angles the nulear fore beomespredominant leading at high values of the ross setion relative to the Rutherford values [15℄.
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Figure 5. 13B+d at 52 MeV/A elastisattering angular distribution. (degree)CMθ
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Figure 6. 10Be+p at 56 MeV/A elastisattering angular distribution.4. ConlusionThe present paper reports the �rst results onerning the prodution of radioative beams andthe investigation of their properties with the CHIMERA multidetetor, exploring the apabilitiesof this array to perform kinematial oinidenes. Two experiments, with 18O and 13C primarybeams at 55 MeV/A impinging on a 9Be prodution target, were made to produe light RIBswith a high enough rate (103- 104 p/s) to study elasti sattering of 16C+p and 16C+d at 50MeV/A, 10Be+p at 56 MeV/A and 13B+d at 52 MeV/A.The �t to the data of the reations 16C+p and 16C+d, leads to �anomalous� di�useness of theimaginary potential. These results ould on�rm the anomalous struture of the 16C. Presently,its struture is not well understood, even if 16C an also be treated as a ore+n+n three-bodysystem, it is not a Borromean system beause the subsystems n-14C is bound. However, theparing e�et of the two neutrons added to 14C seems to play an important role [16, 17, 18, 19℄.On the other hand, lifetime measurements for the �rst-exited state in 16C [17℄ and transferreation d(15C,16C)p requires no exoti interpretation [16℄.An interpretation of the �anomalous� di�useness an be suggested by Ref. [20℄. If theabsorption of the elasti sattering 16C+p is dominated by breakup of the n-15C, and 16C+dby deuteron breakup, the theoretial values of the di�useness are 1.10 and 1.53 fm respetively.This explains the high values of di�ussness of the two reations with 16C beam espeially withdeuteron target.New larger quadrupoles and sextupoles already mounted have inreased the beam intensityby a fator 10. Further analysis is going on new higher statistis experimental data with betterdetermination of the beam diretion than these test experiments. We will be able to investigateaurately 16C struture with elasti sattering reation as well as transfer, break up and otherdiret reations.We wish to thank Dr. A. Bonaorso for interesting disussions about the subjets of thispaper.Referenes[1℄ Rifuggiato D et al 2008 LNS Ativity Report 147[2℄ Raiti G et al 2008 Nul. Inst. Meth. B 266 4632
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