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SINGLE PARTICLE NUCLEAR LEVELS IN EXTENDEDTHOMAS�FERMI POTENTIALS� ��A. Baran and Z. �ojewskiInstitute of Physi
s,University M. Curie-SkªodowskaPl. M. Curie-Skªodowskiej 1, 20-031 Lublin, Poland(Re
eived November 9, 1999)Single parti
le nu
lear levels are 
al
ulated on the basis of the potentialsderived from the Extended Thomas�Fermi type Skyrme models for theSkyrme for
es SkIII, SkM� and SLy4.PACS numbers: 21.10.�k, 21.60.Cs1. Introdu
tionSingle parti
le nu
lear energy levels are still the basi
 ingredients ofthe ma
ros
opi
-mi
ros
opi
 methods used in studies of nu
lear properties.They help to understand the properties of nu
lei and the nu
lear stru
ture.Single parti
le levels are the semi-observables. The pro
edure of extra
t-ing them from experimentally known total nu
lear levels is highly un
ertain.In order to do su
h an extra
tion one usually assumes some intrinsi
 me
h-anisms responsible for the observed nu
lear levels like e.g., the 
ouplings
hemes of single parti
le levels to 
olle
tive nu
lear ex
itations, the pair-ing for
es et
. The shell model potentials of Nilsson or Saxon�Woods typeare adjusted to �t the single parti
le experimental levels. The un
ertain-ties mentioned remain in all the 
al
ulations following them as e.g., groundstate properties of nu
lei and the properties of the ex
ited states. This isespe
ially true in the 
al
ulations for exoti
 nu
lei 
lose to the neutron orproton drip lines as well as in the 
ase of superhaevy nu
lei.Therefore it seems to be usefull to �nd the more reliable way of adjustingthe shell model single parti
le potentials. An e�ort of doing this in theframework of Extended Thomas-Fermi method and the Skyrme for
es was� Presented at the XXVI Mazurian Lakes S
hool of Physi
s, Krzy»e, PolandSeptember 1-11, 1999.�� Work partly sponsored by: Polish State Committee for S
ienti�
 Resear
h (KBN),Grant No 2 P03B 011 12 and the Polish-Fren
h Grant Polonium 1998-1999.(411)



412 A. Baran, Z. �ojewskiundertaken in paper [1℄. Very similar study of the single parti
le potentialsof this type was done in the 
ase of relativisti
 mean �eld model (RMF) forNL1 and NL2 parametrizations in [2℄. The results were also dis
ussed in [3℄and in [4℄ for the 
ase of NL3 and NLSH parametrizations. The potentialswere su

esfully used in [5℄ to des
ribe the pseudospin symmetry and thepseudospin degenera
y me
hanism in nu
lear single parti
le levels.The ETF method [6,7℄ determines the stu
ture of a given nu
leus self
on-sistently by a density variational 
al
ulation [6℄ parti
ularly in 
onne
tionwith e�e
tive intera
tions of the Skyrme type. It has been proven to beextremely e�
ient in the pre
ise des
ription of average nu
lear properties.The by-produ
t of the self
onsistent pro
edure are the single parti
le 
en-tral, spin-orbit and Coulomb potentials and the e�e
tive mass for a givennu
leus.The main di�eren
e between the 
onventional shell model and the presentone is in the e�e
tive nu
leon mass. In the former 
ase the mass is 
onstantfree nu
leon mass m � 940 MeV whereas in the latter 
ase it depends onthe 
oordinate ~r. It is approximatelly equal to 0:6m inside the nu
leus andapproa
hes free nu
leon mass in the far perifery of the nu
leus.In the present paper we 
al
ulate the single parti
le spe
tra in ETFpotentials represented by Saxon�Woods type fun
tions. The nu
leon massdepends on the radial 
oordinate r. The investigations are limited to thetwo spheri
al nu
lei 208Pb and 132Sn for whi
h the approximate experimen-tal single parti
le levels are known. The spe
tra of a deformed nu
lei 
anbe 
al
ulated by taking into 
onsideration the typi
al deformation depen-den
e of the potentials as e.g., in the standard Saxon�Woods shell model
al
ulations. Three sets of parameters 
oresponding to the three types ofthe Skyrme intera
tions: SkIII [7℄, SkM� [8℄ and the SLy4 for
e [9℄ are givenin [1℄.The paper is organized as follows. Se
tion 2 is devoted to the question,whether it is possible to repla
e the ETF potentials by the simpler poten-tials of the Saxon�Woods type. The potentials and their parameters areshown. In se
tion 4 we dis
uss the results of 
omparison of the single par-ti
le levels 
al
ulated in di�erent parametrizations as given in [1℄ and forthe parametrization at 
onstant mass [10℄. The results are 
ompared to theexperimental data.2. Potentials and mass parametrizationThe ETF pro
edure is explained e.g., in [11℄. This se
tion asks thefollowing question. Is it possible to parametrize the ETF form fa
tors of thepotentials and the e�e
tive mass in terms of Saxon�Woods fun
tions su
hthat the single parti
le spe
tra basi
ally do not 
hange? The answer on this
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lear Levels in Extended... 413question is positive and is given in [1℄ (the answer is the same in the 
ase ofrelativisti
 mean �eld theory, see [2�4℄).The 
entral potential is assumed in the Saxon�Woods formV (r) = V
1 + exp( r�Rav ) (1)where the parameters V
, R and av are adjusted by a least-square �ttingpro
edure independently for neutrons and protons for nine spheri
ally sym-metri
 nu
lei separately.For the Skyrme spin-orbit potential V so whi
h enters the expression~W (~r) = ~rV so(~r) (2)one assumes the same shapeV so(~r) = V so
1 + exp( r�Rsoaso ) : (3)The e�e
tive mass is parametrized in the simillar fashion. The formulareads m�(~r)m = 1� m
1 + exp( r�Rmam ) : (4)The energy of the Coulomb intera
tion, is assumed in the form of thepotential generated by the sharp spheri
al density distribution of Z protonswith adjustable radius RC and an additional modi�er 
V C(r) = ( e2Z2RC 
�3� � rRC �2� if r < RCe2Zr 
 if r � RC : (5)All the parameters of the nu
lear Saxon�Woods potentials, Coulombpotential and the e�e
tive mass depend on the nu
leus 
onsidered. Thedetailed Z- and N -dependen
e of the parameters is shown in the followingsubse
tions. 2.1. Central potentialA Z- and N -dependen
e of the 
entral potential parameters (see Eq.(9)) was assumed in the formV
 = V0(1 + �vI) ; (6)R = rv0A1=3(1 + �vRI + b=A) ; (7)av = av0(1 + �vaI) : (8)



414 A. Baran, Z. �ojewski2.2. Spin-orbit potentialSpin-orbit potential parameters (Eq. (11)) are given byV so
 = V so0 (1 + �soI) ; (9)Rso = rso0 A1=3(1 + �soR I + bsoR =A) ; (10)aso = aso0 (1 + �soa I) : (11)2.3. E�e
tive massThe parameters of the e�e
tive mass (see Eq. (12)) arem
 = m0(1 + �mI) ; (12)Rm = rm0 A1=3(1 + �mR I + bmR=A) ; (13)am = am0 (1 + �ma I) ; (14)m = 939MeV=
2 : (15)2.4. Coulomb potentialThe dependen
e of the Coulomb potential on Z and A (or N) is of theform V C(Z;N) = ( e2Z2RC 
�3� � rRC �2� if r < RCe2Zr 
 if r � RC ; (16)where both RC and 
 depend on Z, NRC = rC0 A1=3(1 + �CRI + bCR=A) ; (17)
 = 
0(1 + �C
 I) r ; (18)e2 = 1:43996518 MeV fm : (19)2.5. ParametersThe parameters extra
ted for three types of Skyrme for
es are shownin [1℄. Here, for illustration, we list only parameters extra
ted from the lightspheri
al doubly magi
 nu
lei and SkM� for
e. The parameters are gathereda

ording to the potential in question or the e�e
tive mass. The explanationof the symbols appearing here is given in the previous se
tion. The unitsare the following: femtometers (fm) in the 
ase of length (all the as and rs)and the megaele
tronvolts (MeV) in the 
ase of energy (all the V s). All theother parameters like the �s, the bs and the 
s are dimensionless.
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lear Levels in Extended... 415Central potentialProtons NeutronsV0 = -63.1036 V0 = -61.4988�v = 0.4320 �v = -0.4334av0 = 0.6932 av0 = 0.6855�va = 0.0705 �va = -0.0338rv0 = 1.1992 rv0 = 1.2234�vR = 0.1099 �vR = -0.0648bvR = -0.0951 bvR = -0.3293Spin-orbit potentialProtons NeutronsV so0 = -16.2629 V so0 = -16.0346�so = 0.0331 �so = -0.4339aso0 = 0.5308 aso0 = 0.5306�soa = 0.2573 �soa = 0.0006rso0 = 1.1239 rso0 = 1.1308�soR = 0.0818 �soR = 0.0229bsoR = -1.3033 bsoR = -1.3656

E�e
tive massProtons Neutronsm0 = 0.2183 m0 = 0.2116�m = 0.3827 �m = -0.7185am0 = 0.5102 am0 = 0.5123�ma = 0.5134 �ma = -0.2835rm0 = 1.1321 rm0 = 1.1532�mR = 0.1494 �mR = -0.0629bmR = -0.8500 bmR = -1.0643Coulomb potentialrC0 = 1.1437�C = -0.1014bC = 1.0091
0 = 0.4493�C
 = -0.0015
3. Results and dis
ussionThe 
al
ulations were performed in the basis of spheri
ally symmetri
shell model states jnlji. The single parti
le Hamiltonianĥ = �~r ~22m�(r)r+ V (r) + 1 + �32 V C(r) + 12m2 �1r dV so(r)dr � (~l � ~s) ; (20)where �3 is the third 
omponent of the isospin equal to -1 for neutrons and+1 for protons.The numeri
al 
ode takes into a

ount the fa
t of 
oordinate dependentmas m�(r).The main resuls of our 
al
ulation are presented in Fig. 1. The �gureshows the proton and neutron single parti
le spe
tra in 132Sn and in 208Pbfor the Skyrme for
es SkIII, SkM� and SLy4 and for the 
ase of universal(Univ.) [10℄ parameters of the standard Saxon Woods shell model with
onstant mass. The experimental data (exp) are also shown for 
omparison.It is observed that the Skyrme nu
leon spe
tra are approximately of thesame density as the experimental ones for energies below the Fermi surfa
e.The levels 2p1=2 and 1g9=2 in the 
ase of 132Sn are inter
hange for all of theSkyrme for
es 
onsidered.The approximate Saxon�Woods potentials give a very similar spe
tra tothose obtained in the self
onsistent Hartree-Fo
k 
al
ulations.
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