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RELATIVISTIC MEAN FIELDANTINUCLEON�NUCLEUS POTENTIAL�Andrzej BaranInstitute of Physis, Maria Curie-Skªodowska UniversityPl. M. Curie-Skªodowska 1, 20-031 Lublin(Reeived January 11, 2001)The real part of antinuleon�nuleus potential is determined in theframework of the Relativisti Mean Field model using the harge onjuga-tion. The solution of the Dira equation for antiproton is given in ase of208Pb. The bound state antiprotoni wave funtions are ompared to thoseobtained from the pure point harge Coulomb potential. The spetrum of�p is shown.PACS numbers: 24.10.JvThe antinuleon�nuleus ( �NN) potentials (V �NA) are meaningful in stud-ies of nulear reations involving antipartiles, e.g., the �p anihilation on theatomi nulei [1℄. The �NA interation onsists of the Coulomb potential andat the intermediate distanes some kind of annihilation mehanism. In aseof pure �NN interation the annihilation ross setion is rather large and inorder to simulate this one usually introdues an ad ho optial potential.In the alulations of the anihilation halo fators (e.g., [2℄) the �NA po-tential is given phenomenologially or is assumed as the Coulomb potentialof the nuleus in question [3℄. The resulting �p-wave funtion does not on-tain any informations on the �niteness of the nuleus. Additionally, onlythe irular states with l = n� 1 are assumed to ontribute to the anihila-tion proess. As it is shown here the irular �p-states up to n = 20 an bedeeply bound and do not ontribute to the annihilation proess. The �nitedimensions of the nuleus and the deformation of the nulear system resultsin a ompletely new piture of the �p-wave funtions and di�erent bindingenergies as ompared to the Coulomb ase.� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(1025)



1026 A. BaranIn the paper we onstrut the real part of the �NA potential in frameworkof relativisti mean �eld model (RMF) starting from the properties of theC-parity symmetry of �NN interations. As in ase of the bar �NN interation[4,5℄ one an apply the C- or G-parity [6℄ to the potentials generated by RMFmodel or the WS potential.The paper is organized as follows. First we de�ne the RMF model as wellas salar and vetor potentials. Next the C-parity properties of the nuleon�nuleus potentials and the �NA potentials are shown. Finally an examplesof the antiprotoni spetra and the eigenfuntions of �p in WS potential of208Pb are shown. The dissimilarities with the point harge Coulomb spetraare pointed out.The nulear interations in RMF model [7,8℄ are governed by the one me-son exhange potentials. The �elds have the properties of the fundamentalsalar �, vetor ! and � mesons.The Lagrangian of the RMF model readsL(N;�; !; �) = L + L� + L� + L! + LN� + LN� + LN! + L ; (1)where L� = �12m2��2 ��13g2�3 + 14g3�4�+ 12g� �  � ; (2)L! = 12m!!�!� � 14!��!�� + 12g!!�� �  ; (3)L� = 12m2�~�� � ~�� � 14~��� � ~��� + 12g�~��� � ~� �  ; (4)L = �14A��A�� � e � � (1� �3)2  A� : (5)Fermion �elds ful�ll the Dira equationf�i~� � ~r+ Vv(~r) + �(m+ Vs(~r))g i = "i i ; (6)where the attrative salar potential and the e�etive nuleon mass are givenby Vs(~r) = g��(~r) ; m�(~r) = m+ Vs(~r) : (7)The repulsive vetor potentialVv(~r) = g!!0(~r)h+ g��3�0(~r) + e1 + �32 A0(~r) : (8)Both the vetor and the salar potential are the linear funtions of themesoni �elds. The salar potential and the e�etive mass m� depend onthe salar � �eld only.



Relativisti Mean Field Antinuleon�Nuleus Potential 1027The mesoni �elds are desribed by the Klein�Gordon equations.��+m2XX(~r) = SX(~r) ; (9)where SX(~r) = 8>><>>: �g��s(~r)� g2�2(~r)� g3�3(~r) if X = � ;g!�v(~r) if X = !0 ;g��3(~r) if X = �0 ;e�(~r) if X = A0 :The densities entering the right hand sides of the equations are�s(~r) = AXi=1 � i i ; �v(~r) = AXi=1  yi i ;�3(~r) = ZXp=1  yp p � NXn=1 yn n ; �(~r) = ZXp=1  yp p :The solution of the equations of motion leads to the nuleon�nuleus poten-tials: V (�), V (!), V (�) entering Vv in Eq. (8).Introduing the two omponent wave funtion  T = (f; g) ; leads to theDira equation of the form� m+ Vs + Vv ~� � ~p~� � ~p �m� Vs + Vv �� fg � = (m+ ")� fg � : (10)Eliminating the lower omponent g and introduing a new e�etive massme� = m�(Vv�Vs)=2 after expanding the mass term in the small parameter"=me� one obtains �~� � ~p 12me� ~� � ~p+ V + S� f = "f : (11)The simple algebra leads to the Shrödinger like equation�~p 12me�(~r)~p+ V entr + 1(2me�)2 (rV so) (~p� ~�)� fi = "ifi ; (12)where the entral V entr and the spin�orbit V so potentials are, viz.V entr = Vv + Vs ; V so = mme� (Vv � Vs) : (13)



1028 A. BaranStrong interations are invariant under C operation. If a meson is ex-hanged between two nuleons, and thus ontribute to nulear fores, it analso be exhanged between a nuleon and an antinuleon (e.g., in QED, sineCyA�C = �A�, repulsive e�e� Coulomb interation beomes attrative inase of e�e+).The C properties of the RMF mesoni �elds are the following Cy�C =+�, Cy!C = �!, and Cy�C = ��. We shall use this in onstruting theantinuleon�nuleus potentials. Assuming an even-even system of nuleonsone has the following C-rule (see e.g., [9℄):V (N;A) C=) V ( �N;A) : (14)In the RMF model the V (N;A) potentials are given in Eqs. (7),(8). Thelinearity of the vetor potential in the meson �elds is of great onern forthe appliation of the C-rule. Under the C operation the vetor potentialhanges sign.In ase of the Shrödinger equation based on the Woods�Saxon potentialone has V entrpjn = Vs;pjn + Vv;pjn ; V sopjn = Vs;pjn � Vv;pjn : (15)where V entr and V so are the entral and spin�orbit potentials. Let thee�etive mass be onstant. Assuming a �mesoni ontent� of the Woods�Saxon potentials similar to RMF model, using Eq. (13) and the C-rule onean alulate both salar and vetor potentials for antinuleons, viz.Vs;�pj�n = +12 hV entrpjn � V sopjni ; Vv;�pj�n = �12 hV entrpjn + V sopjni : (16)Eq. (13) then givesV entr�pj�n = Vs;�pj�n + Vv;�pj�n = �V so ; V so�pj�n = Vv;�pj�n � Vs;�pj�n = �V entr : (17)The strengths of both entral and spin�orbit potential are interhanged. InNA interation the magnitude of the entral part is approximately equal to�50 MeV while the spin�orbit potential is roughly 800 MeV. In ase of the�NA potential the strengths are V entr�pj�n � �800 MeV and V so�pj�n � +50 MeV.The entral part of the �NA potential beomes very strong whereas the spin�orbit term is weak. This will ause the spin degeneray in the antipartilespetra. The sign of the spin orbit term is opposite to the spin�orbit termof NA system and the spetrum shows the sequene of levels harateristifor the atomi physis.It was shown [10�12℄ that the average RMF potentials are equivalent tosome Woods�Saxon potentials.



Relativisti Mean Field Antinuleon�Nuleus Potential 1029The Dira �p-spetrum of 208Pb based on WS potentials [13℄ is shown inFig. 1. To solve the Dira equation the proedure RADIAL [14℄ has been used.The energy levels are plotted vs � � the eigenvalue of K̂ = ��(L � � + 1).The spetrum di�ers signi�antly from the Coulomb one.
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-60 -40 -20 0 20 40 60Fig. 1. �p spetrum in Woods�Saxon potential in 208Pb nuleus as a funtion of thequantum number �.The eigenfuntions orresponding to (n; �)=(20; 1) �p-state in WS+Cou-lomb potential and the point nuleus Coulomb potential are displayed inFig. 2 and Fig. 3 respetively. Both (f; g) omponents of the Dira spinorare shown. The single partile energies are eWS20;1 = �41:804 and eCoul20;1 =�0:428 MeV.
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Fig. 2. The upper and lower omponents of the Dira wave funtion (f; g) of thestate n = 20, � = 1 in 208Pb and the WS �pA-potential. The radial distane r is infm units. The energy of the state is e20;1 = �41:804 MeV.
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Fig. 3. The same as Fig. 2 but for the point nuleus Coulomb potential. Theorresponding energy e20;1 = �0:428 MeV.In the present work we generated the single antipartile salar and ve-tor potentials in the framework of RMF model and the phenomenologialWoods�Saxon model. The antinuleon potentials were obtained from theorresponding partile potentials aording to harge onjugation rule. Asan example, the Dira antiproton wave funtions (f; g) and the single par-tile eigenenergies were alulated by solving the �p-eigenvalue problem for208Pb.The sheme is easily appliable in ase of the deformed nulei.REFERENCES[1℄ P. Lubi«ski, et al., Phys. Rev. C57, 2962 (1998).[2℄ S. Wyeh, et al., Phys. Rev. C54, 1832 (1996).[3℄ A. Baran, K. Pomorski, M. Warda, Z. Phys. A357, 33 (1996).[4℄ R.J.N. Phillips, Rev. Mod. Phys. 39, 681 (1967).[5℄ R.A. Bryan, R.J.N. Phillips, Nul. Phys. B5, 201 (1968).[6℄ Joseph N. Ginohio, Phys. Rep. 315, 231 (1999).[7℄ B.D. Serot, J.D. Waleka, The Relativisti Nulear Many�Body Problem, inAdvanes in Nul. Phys., J.W. Negele and Erih Vogt eds., Vol. 16, PlenumPress, NY 1986, p. 1.[8℄ Y.K. Gambhir, P. Ring, T. Thimet, Ann. Phys. 198, 132 (1990).[9℄ J.M. Rihard, Antiproton Indued Reations, Leture presented at the Indian-Summer Shool on Interation in Hadroni Systems, Praha, 25�31 August,1993.[10℄ A. Baran, Phys. Rev. C61, 024316 (2000).
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