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Vol. 33 (2002) ACTA PHYSICA POLONICA B No 1
NEUTRON-SKIN THICKNESS FROM EXCITATION OFSPIN-DIPOLE RESONANCE�M. Csatlósa, A. Krasznahorkaya, A.M. van den BergbM.N. Harakehb, M.A. de Huub, S.Y. van der WerfbM. Hagemann, H. Akimuned, H. Fujimurae, M. Fujiwarae;fK. Harae and T. IshikawagaInstitute of Nulear Researh, Pf. 51, 4001 Debreen, HungarybKernfysish Versneller Instituut, 9747AA Groningen, The NetherlandsVakgroep Subatomaire en Stralingsfysia, Universiteit Gent, BelgiumdKonan University, JapaneRCNP, Osaka University, Ibaraki, Osaka 567-0047, JapanfJAERI, Advaned Siene Researh Center, Tokai 319-1195, JapangDepartment of Physis, Kyoto University, Kyoto 606-01, Japan(Reeived January 4, 2002)A new method, based on the exitation of the giant (spin�dipole) res-onanes in harge-exhange reations, for studying the neutron-skin thik-ness has been tested. For a preise experimental test the (3He,t) reation oneven Sn isotopes has been used. The results obtained are in good agreementwith previous neutron-skin thikness values provided by other experimentaland theoretial methods.PACS numbers: 21.10.Ft, 21.10.Gv, 24.30.Cz, 25.55.Kr1. IntrodutionAlthough the possible presene of a neutron-skin in stable nulei hasbeen disussed sine the mid 1950s [1℄, there is no onsensus in the literatureabout the de�nition of neutron-skin. A quantity whih is often applied toharaterize the spatial extension of the neutron density is the di�erenebetween the neutron and proton root-mean square (rms) radii [2℄. In heavyneutron rih nulei there are more neutrons than protons, whih implies anexess of neutrons at large distane, i.e. the existene of neutron-skin. Forinstane, the rms radius of the neutron distribution is larger than that of the� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (331)



332 M. Csatlós et al.protons by � 0:2 fm in 48Ca [3℄ and by � 0:15 fm for 208Pb [4℄. The �rstempirial evidene of a thik neutron-skin (� 0:9 fm) was presented for 6Heand 8He [5℄.The orrelation between the neutron-skin thikness and the symmetryenergy has been reently disussed in theoretial studies of the neutron-rihnulear matter [6℄. An aurate measurement of the neutron-skin thiknessmay onstrain the density dependene of the symmetry energy.A tool, based on the exitation of the Spin�Dipole Resonane (SDR) inthe (3He,t) reation was developed reently for studying the neutron-skinthikness [7℄. In this paper we disuss a ritial test of the SDR method byapplying it to the tin isotopes.2. Basi idea of the methodThe isovetor spin�dipole resonane (L=1; T =1; S=1) an be stronglyexited in harge-exhange reations like (p; n) or (3He,t). This resonanean be interpreted as the superposition of three olletive modes with spinparity J� = 0�, 1�, 2� mediated by operator [��rY1℄. The total L = 1strength of the SDR is sensitive to the neutron-skin thikness [8,9℄. The fol-lowing sum rule is valid for the spin�dipole operator involving the di�erenebetween the �� and �+ strengths:S�SDR � S+SDR = 92��Nhr2in � Zhr2ip� ; (1)where hr2in and hr2ip represent the rms radii of the neutron and protondistributions, respetively. The S�SDR strength, whih is proportional tothe (3He,t) ross setion, an be dedued from the experiment. The di�er-ene between the neutron and proton rms radii (�Rnp) an be derived fromEq. (1) hr2i1=2n � hr2i1=2p = ��exp(1�B)� (N � Z)hr2ip2Nhr2i1=2p ; (2)where B = S+SDR/S�SDR is taken from the ontinuum RPA alulation [10℄,� is a normalization onstant.3. Experimental methodThe experiment was performed at the Kernfysish Versneller Instituut(KVI), Groningen. The 3He beam was aelerated with the super-ondutingylotron, AGOR, to an energy of 177 MeV. 112Sn to 124Sn targets isotopi-ally enrihed up to 68.3%�99.6% with thikness of 4.75�12.7 mg/m2 wereused. Tritons resulting from the (3He,t) reation were deteted in the foalplane of the Big Bite magneti Spetrometer (BBS) [11℄, whih was set at



Neutron-Skin Thikness from Exitation of . . . 3330Æ with respet to the beam diretion. The spetrometer onsists of twoquadrupoles (Q1 and Q2) and a large dipole magnet (D) as shown in Fig. 1.The outgoing partiles were deteted with the two Vertial Drift Chambers(VDCs) of the Foal Plane Detetor System (FPDS) onstruted within theEuroSuperNova Collaboration [12℄. Measuring the horizontal and the verti-al angles of inidene with this detetor system made possible to reonstrutpreisely the sattering angle of the tritons by ray-traing tehniques.
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Fig. 1. Shemati view of the Big Bite Spetrometer with the foal-plane detetionsystem. 4. ResultsA sample of the resulting triton spetra obtained for 124Sn at di�erenttriton sattering angles is shown in Fig. 2(a).The measured spetra were deomposed into resonant and non-resonantomponents, as shown in Fig. 2(b). The resonanes are desribed by theLorentzian shapes for the energy distribution involving three free parame-ters: the entroid energy, the width and the height. The following relation-ship is taken for the Quasi-Free Continuum (QFC) bakground [13℄d2�QFdEd
 = NQF 1� exp �Et�E0T �1 + �Et�EQFW �2 : (3)
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Fig. 2. (a) (3He,t) energy spetra for 124Sn for di�erent triton emission angles(in mrad) as indiated in the �gure. (b) The triton energy spetra taken at �t = 55mrad. The solid lines in the spetrum represent the �ts of the peaks for the SDR,GTR, IAS and the ontinuum bakground due to the QFC proess.Only NQF and EQF are used as free parameters. The other variables were�xed to the reommended values in Ref. [13℄.The spetra olleted at di�erent angles were �tted simultaneously usingthe same shape parameters for resonanes and for the bakground and onlythe amplitudes were onsidered to be independent.The relative ross setions of the dipole resonanes (dominated by theSDR) ompared to that of the isobari analog state have been determined byanalyzing both the exitation energy and the angular distribution of tritons.The following sum rule exists for the �� and �+ strengths of the IsobarAnalog State (IAS) [8℄ : S�IAS � S+IAS = N � Z : (4)In the ase of nulei with neutron exess, S+IAS = 0 beause of Paulibloking. Thus, the ross setion of the IAS is proportional to N � Z.Based on the above proportionality, the relative ross setions of the dipoleresonanes along the whole Sn isotopi hain have been obtained as follows:�exp = (N � Z) ISDRIIAS : (5)The neutron-skin thiknesses were alulated from the ross setionsobtained from a �tting proedure aording to Eq. (2). The values of



Neutron-Skin Thikness from Exitation of . . . 335rp = hr2i1=2p were taken from Ref. [14℄ and the � normalization onstantwas determined by aepting the theoretial result of Ref. [15℄ for the di�er-ene hr2i1=2n � hr2i1=2p in 118Sn. The results obtained are ompared in Fig. 3as a funtion of mass number. Previous experimental results and theoretialvalues are also displayed in Fig. 3. By the predition of the di�erent theoret-ial alulations the mass dependene of the neutron skin thikness is verysimilar. The relative values of the experimental data reprodue this massdependene very well, in agreement with the general trend of the theoretialurves.
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Fig. 3. Neutron-skin thiknesses of the Sn isotopes as a funtion of the mass num-ber. The experimental values determined by the (p; p) [16℄, GDR [17℄ , anti-protoniatoms [18℄ and SDR (at 450 MeV [7℄ and at 177 MeV) methods are shown asfull triangles, full squares, open triangles full stars and full dots with error bars,respetively. The numbered full lines represent the following theoretial results:(1) RHB/NL3, (3) RHB/NLSH, (5) HFB/SLy4, and (6) HFB/SkP alulationsperformed by Mizutori et al. [2℄, (2) and (4) alulations performed by Lalazissiset al. [15℄ and Angeli et al. [19℄, respetively.



336 M. Csatlós et al.5. ConlusionsThe new method based on the orrelation between the L=1 ross se-tion measured in (p; n) type harge-exhange reation and the neutron-skinthikness has been ritially tested. Normalizing the results for the rms ra-dius of 118Sn a good agreement ould be ahieved for the obtained thiknessvalues with all available theoretial preditions and previous experimentaldata. This method an be used for a wide range of neutron-rih unstablenulei.This work has been supported by the Hungarian Fund for Siene Re-searh (OTKA) Foundation no.N32570 and no.T038404 and it has been per-formed as part of the researh program of the Stihting voor FundamenteelOnderzoek der Materie (FOM) with �nanial support from the NederlandseOrganisatie voor Wetenshapelijk Onderzoek (NWO).REFERENCES[1℄ M.H. Johnson, E. Teller, Phys. Rev. 93, 357 (1954).[2℄ S. Mizoturi et al., Phys. Rev. C61, 44326 (2000).[3℄ G. Igo et al., Phys. Lett. B81, 151 (1979).[4℄ A. Krasznahorkay et al., Phys. Rev. Lett. 66, 1287 (1991).[5℄ I. Tanihata et al., Phys. Lett. B287, 307 (1992).[6℄ C.J. Horowitz, J. Piekarewiz, Phys. Rev. Lett. 86, 5647 (2001).[7℄ A. Krasznahorkay et al., Phys. Rev. Lett. 82, 3216 (1999).[8℄ C. Gaarde et al., Nul. Phys. A369, 258 (1981).[9℄ W.P. Alford, B.M. Spier, Adv. Nul. Phys. 24, 1 (1998).[10℄ V.A. Rodin, M.H. Urin, KVI Annual Report, 34 (2000).[11℄ A.M. van den Berg, Nul. Instrum. Methods Phys. Res. B99, 637 (1995).[12℄ H.J. Wörthe, Nul. Phys. A687, 321 (2001).[13℄ J. Jäneke et al., Phys. Rev. C48, 2828 (1993).[14℄ C.W. de Jager, H. de Vries, C. de Vries, At. Data Nul. Data Tables 14, 479(1974).[15℄ G.A. Lalazissis, D. Vretenar, P. Ring, Phys. Rev. C57, 2294 (1998).[16℄ C. Batty et al., Adv. Nul. Phys. 19, 1 (1989).[17℄ A. Krasznahorkay et al., Nul. Phys. A567, 521 (1994).[18℄ A. Trzi«ska et al., Phys. Rev. Lett. 87, 082501 (2001).[19℄ I. Angeli et al., J. Phys. G6, 303 (1980).


