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NUCLEI FAR FROM ��STABILITY WITHINRELATIVISTIC MEAN FIELD THEORY� ��M. Warda, B. Nerlo-Pomorska and K. PomorskiTheoretial Physis Department, Maria Curie-Sklodowska UniversityCurie-Sklodowska 1, 20-031 Lublin, Poland(Reeived Deember 1, 1998)The binding energies, neutron and proton separation energies, shapesand sizes of even-even ��stable nulei with A � 40 and a few hains ofisotopes with Z = 50, 56, 82, 94 protons and isotones with N = 50, 82, 126neutrons are studied within the relativisti mean �eld theory.PACS numbers: 21.60.�n, 11.10.Ef, 21.10.Ft, 21.10.Gv1. IntrodutionThe experimental data [1℄ onerning the ground states of �-stable nu-lei are usually well reprodued by any theoretial model, whih parametersbase on the �t of masses, proton or neutron separation energies or energygaps of even systems or transition probabilities between rotational states.The problems appear when reahing the drip lines. The nulei with largeneutron or proton exess with respet to the ��stability line are not verystable and they are not easy to measure or to desribe theoretially as well.Espeially the features onerning sizes and deformations of suh exoti nu-lei show new qualitative behavior in dependene on neutron N or protonZ number and one has to revise not only the fenemenologial parametersof the theoretial models but also our understanding of more fundamentalproperties like inompressibility of nulear matter, harge independene ofnulear fores in�uening the density distribution in an nuleus. We haveanalyzed some theoretial models as the mirosopi-marosopi Strutinskymethod with various liquid drop terms and single-partile potentials [2℄, the� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998.�� This work is partly supported by the Polish Committee of Sienti� Researh underContrat No. 2 P03B 049 09. (755)



756 M. Warda, B. Nerlo-Pomorska, K. PomorskiHartree-Fok proedure with the the Gogny or Skyrme e�etive nulear in-teration [3℄ and the relativisti mean �eld theory (RMFT) [2, 3℄ presentingthe quality of ommonly used parameter sets for reproduing the existingexperimental data.The last proposals as the new set of optimal parameters of Woods-Saxonpotential [4℄, the isospin dependent set [5℄ for Skyrme fores or the NL-3parameters [6℄ for RMFT take already into aount the properties of nuleilose to the drip lines. The NL-3 set was in details heked for the protonand neutron radii analysis [7℄ and it was used to �nd the simple formula forthe neutron density distribution radius.The aim of present work is to omplete the onlusions of Ref. [7℄ forradii by the results onerning the other properties of the ground state ofeven�even nulei spread all over the periodi system. The alulation wasmade for all �-stable nulei and all potentially existing (bound) isotopes ofSn, Ba, Pb and Pu and isotones with N = 50, 82, 126. These nulides wereused in Ref. [7℄ to �nd some relations between proton and neutron radiiand they serve here as the basis of the ground state properties analysis. Forexample the results for Pu isotopes and N = 126 isotones are illustrated.As one of the best theoretial models the relativisti mean �eld theoryis hosen in the present investigation. The basi de�nitions and theoretialresults in omparison with experimental data are shown in Setion 2. Theonlusions and further investigation plans are gathered in the end of thepaper. 2. Theoretial modelThe relativisti mean �eld theory [8, 9℄ bases on the Dira equationfor barions and Klein�Gordon one for mesons. A nuleus is treated as theset of nuleons interating by the exhange of mesons and desribed byDira spinors. The attration of nuleons is aused by the salar meson �(I� = 0+; T = 0) �eld. The short repulsive interation is onneted withthe exhange of vetor meson ! (I� = 1; T = 0). The isovetor meson �(I� = 0�; T = 1) is also inluded. The eletromagneti interation is arriedby photons in vetor A �eld. The selfonistent mean �eld approximation isused here to solve the Dira equations for the nuleon spinors and the Klein�Gordon equation for the meson �elds. When selfonisteny is reahed weadd the short range orrelations between protons and between neutrons usingthe monopole pairing fores and the BCS formalism.The BCS wave funtion of the ground state is onstruted from theselfonistent single partile neutron and proton states	 =X� (u� + v�a+� a��)jvai : (1)



Nulei Far from ��Stability within Relativisti Mean Field Theory 757The strength of the pairing interation is �xed from the experimental energygaps � [1℄, where the masses are available or from � = 12=pAMeV in otherases.We have performed the alulation of the following observables, hara-terizing main properties of the ground state of even�even nulei:� binding energy BRMF,� separation energies Sp, Sn,� proton and neutron radiir2p(n) = h	 jX� r2� j	ip(n) = 1Z � 1N�Qp(n)0 ; (2)� quadrupole moments of proton and neutron distributionsQp(n)2 = h	 jX� r2�P2(os �)j	ip(n) ; (3)� redued transition probabilitiesB(E2) =r 516� (Qp2)2 ; (4)� and quadrupole deformations of proton and neutron distributions�p(n)2 =r4�5 Qp(n)2Qp(n)0 : (5)The above quantities are analyzed in order to desribe the proton and neu-tron density distributions in a nuleus, its size, deformation and stability.In Figs. 1 and 2 the typial sets of results of the RMFT alulations arepresented as funtions of mass number A. We have hosen here a hain ofisotopes of plutonium Z = 94 (Fig. 1) and a hain of isotones with N = 126(Fig.2).The upper left part of eah �gure shows the di�erene between the bind-ing energy BRMF of a nuleus alulated by the RMFT with the NL-3 pa-rameters set and its experimental value Bexp taken from [1℄. Usually themaximal error of the RMFT estimates does not exeed 5 MeV, only for theheaviest N = 126 isotones the error is larger.
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Fig. 1. The results obtained within the RMFT+BCS model with the NL-3 pa-rameters [6℄ for the plutonium isotopes (Z = 94) ompared with the experimentaldata as funtions of mass number A. In the diagrams are presented: the di�erenebetween the alulated BRMF and experimental Bexp binding energy (upper-left�gure), redued eletri quadrupole transition probabilities B(E2) (upper-right �g-ure), neutron and proton separation energies Sn; Sp (middle �gures), neutron andproton root mean square radii rn; rp (lower-left �gure), di�erenes between protonand neutron quadrupole deformation parameters �p2 � �n2 (lower-right �gure).The upper right �gure presents the redued eletri quadrupole transitionprobabilities B(E2) obtained by the RMFT (solid line) ompared to theexperimental data [13℄ (rosses). Generally the agreement is rather good inspite of too large theoretial preditions of the nulei about A � 170 and240.The separation energies presented in the middle pair of �gures for neu-tron Sn (left hand side) and for proton Sp (right hand side) evaluated within
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Fig. 2. Same as in Fig. 2 but for the isotones with N = 126.the RMFT (solid lines) agree with the experimental data [1℄ (irles androsses) very well.The neutron rn and proton rp root mean square radii [7℄ alulated bythe RMFT presented in the lowest left hand side of the �gures are alsolose to the experimental data (rosses for protons [10, 11℄). The both radiiare slightly di�erent from eah other, what is onneted with the di�erentin size and in deformation proton and neutron density distributions. Theneutron radii are measured in a few ases only [12℄ and theoretial preditionfor them lies always very lose to experimental data. Only for 208Pb somedisrepany (�0.05 fm) is notied.The di�erene of the proton and neutron quadrupole deformations ob-tained in the RMFT alulation is shown in the lowest right part of the�gures. One an see that for some nulei it reahes even 0.03 but for spher-ial N = 126 isotones the both distributions di�er only in size.



760 M. Warda, B. Nerlo-Pomorska, K. Pomorski3. ConlusionsThe results of our alulation on�rm the high preditive power of theNL-3 [6℄ set of RMFT parameters. The experimental data like bindingenergies, neutron and proton separation energies are well reprodued even fornulei far from ��stability. A signi�ant di�erenes in size and deformationbetween the proton and neutron distribution is foreseen. The mean squareharge radii and neutron distribution radii are well reprodued within theRMFT model.Nevertheless more detailed experimental evidene of nulear propertieslose to the drip lines will be appreiated. Espeially experiments manifest-ing the di�erene in the deformations of proton and neutron distributionwill be welome.The authors gratefully aknowledge the numerial ode for solving therelativisti Hartree model and the helpful disussions with Peter Ring.REFERENCES[1℄ G. Audi, A. H. Wapstra, Nul. Phys. A595, 409 (1995).[2℄ K. Pomorski, P. Ring, G. A. Lalazissis, A. Baran, Z. �ojewski, B. Nerlo-Pomorska, M. Warda, Nul. Phys. A624, 329 (1997).[3℄ A. Baran, J. L. Egido, B. Nerlo-Pomorska, K. Pomorski, P. Ring, L. M. Rob-ledo, J. Phys. G21, 657 (1995).[4℄ Z. �ojewski, J.Dudek, Ata Phys. Pol. B29, 407 (1998).[5℄ P.G. Reinhard, H. Floard, Nul. Phys. A584, 467 (1995), and referenestherein.[6℄ G.A. Lalazissis, C.P. Panes, M.E. Grypeos, Y.K. Gambhir, Z. Phys. A357,429 (1997).[7℄ M. Warda, B. Nerlo-Pomorska, K. Pomorski, Nul. Phys. A635, 484 (1998).[8℄ B.D. Serot, J.D. Waleka, Adv. Nul. Phys. 16, 1 (1997).[9℄ P. Ring, Prog. Part. Nul. Phys. 37, 193 (1996).[10℄ E.G. Nadjakov, K.P. Marinova, At. Data and Nul. Data Tables 56, 133(1994).[11℄ K. Heilig, A. Steudel, At. Data and Nul. Data Tables 14, 613 (1974).[12℄ C.J. Batty, E. Friedman, H.J. Gils, H. Rebel, At. Data and Nul. Data Tables36, 49 (1987).[13℄ E.W. Otten, Treatise on Heavy Ion Siene, Vol. 8, D.A. Bromley (Ed.),Plenum Press, New York 1989, p. 517.


