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Abstract

After inclusion of tensor interaction in Skyrme Hartree Fock theory SKP set of parameters have
been used to calculate the splitting of single particle shell model states of ?°Pb where there is abundant
experimental data. For proton states, nuclei 2Tl and “°Bi have been considered for comparison whereas
for neutron states nuclei “’Pb and ***Pb were considered. The level splittings of spin-orbit partners are
reproduced quite admirably thus vindicating the importance of inclusion of tensor interaction. Neutron
skin has also been calculated which may shed light on nuclear symmetry energy.

The genesis of magic numbers is known to be due to a strong spin-orbit interaction in
nuclei [1-3]. However, the evolution of single particle energy levels with increasing N or Z
forming islands of stability does not follow a simple geometrical rule. With the advent of new
experimental facilities like radioactive ion beams it has been observed that new areas of magicity
have developed [4-8] while conventional shell gaps have weakened thus necessitating a relook in
the mean field type of nuclear structure calculations.

Conventional mean-field calculations [9-15] mainly deal with bulk properties of
nuclei, viz., binding energy, rigidity modulus, charge density radius etc. From the point of view
of nuclear theory, *®Pb, the doubly magic nucleus, is one of the anchor points in the
parameterizations of effective interactions for mean-field calculations. Moreover, there are
several experimental results available for lead isotopes [16-20] which provide important
information about single particle shell model states near the Fermi surface and systematic data of
isotope shifts. Effect of tensor interaction in mean-field type calculations on the evolution of
shell structure has recently drawn a lot of interest [21-26] due to its simplistic approach and wide
applicability. In this paper we have incorporated the tensor interaction in Skyrme-Hartree-Fock
theory to investigate the effect of tensor interaction on the splitting of spin-orbit partners of shell
model states near the Fermi surface of “°Pb. We have also calculated the neutron skin of °®Pb
given by S = v <R,*> - \/<Rp2>, which has a bearing on the evaluation of the symmetry energy
for the isotope.



The spin-orbit potential in Skyrme Hartree-Fock theory with the inclusion of tensor
component is given by
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where Jqq (1) Is the proton or neutron spin-orbit density defined as
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The tensor interaction is given by
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The coupling constants T and U denote the strength of the triplet-even and triplet-odd tensor
interactions respectively.

In Eq.(1) o = o + ar and B = B¢ + Bt . The central exchange contributions are written in
terms of the usual Skyrme parameters as

1 1
O = 3 (tl — tz) "3 ( X1 + thXxo ) (4)

Be = -3 (e + o) )
The tensor contributions are expressed as
ar=13U, Br=g; (T+U), (6)
In our calculation we have recast o as
o =oc(l+ar/oe) =Stog,
where Sg is the scale factor = 1 + ar/a,. Similarly for B we get

B =SB, where S¢ = (1 + Br/Bc) -

We have used SKP set of parameters to calculate the splitting of single particle shell
model states of 2®Pb. The reasons behind the use of SKP set are: i) it takes the J? terms from the
central force into account which is necessary for inclusion of the tensor force, ii) it reproduces
the ground state properties and the single particle structure of “®Pb quite nicely. From the



inclusion of tensor interaction in the Skyrme energy density functional one expects that it will
affect the spin-orbit splitting by altering the strength of the spin-orbit field in spin-unsaturated
nuclei as expressed in Eq. (1). However, one must remember that the spin-orbit potential is
readjusted through each pair of scale factors which are connected to the tensor coupling terms.

The success of the SKP parameters led us to use this set to evaluate the effect of inclusion
of tensor forces in finding out the evolution of single particle states in different areas of nuclear
chart. The optimal parameters of tensor interaction or and Bt were found for SKP forces by
optimizing the reproduction of observed splitting of spin-orbit partners of single particle states
around “®Pb. In a two parameter search we have found the scale factors f= -2.4 and £ = -1.6
produces the best result. Because of the fact that the formation of shells depends crucially on the
spin-orbit splitting of the single particle states we have chosen the scale factors such that it
creates the shell gap in the right place. At the same time, locations of the individual states have
not been compromised. In our calculation the value of o came out to be -80.18 and the value of 3
is 78.14.

In Table | we present our calculated single particle spectrum for *®Pb for different
parameter sets SKM, Z,, Sly4, SKX and SKP. Single particle behaviour of these states has been
well established from detailed spectroscopic measurements. It is quite apparent from the table
that SKP produces the best single particle (-hole) spectrum both for proton as well as neutron
states of ®®Pb. Out of eighteen states studied only in the cases of proton 1ge state and neutron
lhgs, and 1iyy/, states we find some discrepancies of the order of 1 MeV, otherwise there is a very
good agreement.

In Table Il the calculated splitting of the spin-orbit partners of proton and neutron single
particle states around 2®®Pb have been presented along with their experimental values. For proton
states nuclei °’TI and 2Bi have been considered for comparison whereas for neutron states
nuclei ?’Pb and 2Pb were considered. The level splittings are reproduced quite admirably by
SKP parameter set with the inclusion of tensor interaction thus vindicating the importance of
inclusion of tensor interaction.

In Table Il the calculated root mean square proton and neutron radii for 2®Pb is
presented along with their experimental counterparts for comparison. Though for charge radius
we have obtained a very good fit, for neutron the calculated rms radius is slightly smaller than
the experimental value. As a result we have obtained a smaller skin thickness S.



In fig. 1 we have presented the charge and neutron distribution of 2®®Pb. In contrast to a
peak in the charge distribution near the centre, the neutron distribution shows a dip. In fig. 2
spin-density Jq (r) for both neutron and proton cases have been presented. As 2%8pp s spin-
unsaturated in neutron and proton systems tensor interaction has an important role to play.

In this paper we have shown that inclusion of tensor interaction in the Skyrme Hartree
Fock theory the shell gap at Z = 82 and N = 126 is better reproduced than the conventional
mean-field type calculation.



TABLE |

Single particle levels in >®Pb

-Enij (MeV)
i SKM Zs Sly4 SKX SKP EXPT
Proton
199r2 16.12 17.50 16.44 16.15 15.18 16.03
1972 12.32 13.34 14.67 11.36 11.43 11.51
2ds2 10.16 10.88 11.25 9.64 10.33 10.23
2d3p 8.28 8.87 7.07 7.54 8.80 8.38
38172 7.56 8.04 9.01 7.04 8.11 8.03
1hayp 8.42 9.58 8.11 9.95 8.72 9.37
1hg/, 2.95 3.62 5.54 3.07 3.52 3.60
2f71 181 2.13 2.32 2.47 3.21 291
Neutron

1hayp 17.27 18.09 16.32 16.52 15.03 14.50
1hgy 11.73 12.09 14.09 9.46 0.84 11.28
2f7p 11.50 11.68 11.21 9.98 10.50 10.38
2fs5p 8.53 8.40 9.81 6.67 8.11 7.95
3pP3r2 8.56 8.63 8.65 7.10 8.21 8.27
3p12 7.40 7.33 8.10 581 7.32 7.38
Lligsp 9.42 9.55 7.06 10.37 8.51 9.38
ligip 2.07 1.83 3.82 1.02 1.84 3.15
209/2 3.35 2.92 1.64 3.19 3.71 3.74
20712 0.27 1.03 0.04 0.95 0.71 1.45




Splitting of spin-orbit doublets

TABLE Il

Protons Energy in MeV

Slys Sly4 SKM™ Sl SKP-T EXP
Alh 6.43 6.22 5.94 5.20 4.64 5.56
A2d 1.95 1.89 2.37 1.63 1.55 1.33
A2f 2.69 2.61 2.57 2.32 2.17 1.93
A3p 1.05 1.02 0.97 0.87 0.79 0.84

Neutrons

Alh 5.83 5.59 5.55 4.73 5.32 5.10
Ali 7.65 7.25 7.26 6.39 6.93 6.46
A2f 2.05 1.96 2.93 2.67 2.27 2.03
A2g 3.68 3.57 3.58 3.30 2.83 2.51
A3p 1.17 1.13 1.13 1.02 0.84 0.90
A3d 1.72 1.67 1.60 1.47 1.31 0.97




TABLE Il

R.M.S. Proton and Neutron Radius of *®®Pb

Re (Th.) Re (Expt.) Rn (Th.) Ry (EXpt) | Ra—R, (Th) | Re-R, (Expt)?
(fm.) (fm.) (fm.) (fm.) (fm.) (fm.)
5.497 5.501 5.554 5.653 0.11 0.195+0.057

a) Ref. 27




References:

M.G. Meyer, Phys. Rev. 74, 235 (1948)

. O. Haxel, J.H.D. Jensen and H.E. Suess, Phys. Rev. 75, 1766 (1949)

M. G. Meyer, Phys. Rev. 75, 1969 (1949)4.
M. Beiner et al, Nucl. Phys. A238, 29 (1975)

. A. Ozawa et al, Phys. Rev. Lett., 84, 5493 (2000)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

M. Stanoiu et al Phys. Rev. C 69, 034312 (2004)

M. Belleguic et al Nucl. Phys. A 682, 136¢ (2001)

H. Flocard et al, Nucl. Phys. A 231, 176 (1974)

. J. Friedrich and P.-G. Reinhard, Phys. Rev. C 33, 335 (1986)
. S. Aberg, H. Flocard and W. Nazarewicz, Ann. Rev. Nucl. Part. Sc 40, 439 (1990)
. J.P. Blaizot et al, Nucl. Phys. A 591, 435 (1995)

. J. Dobaczewski et al, Phys. Rev. C 53, 2809 (1996)

. E. Chabanat et al, Nucl. Phys. A 635, 231 (1998)

. M. Bender etal, Rev. Mod. Phys. 75, 121 (2003)

. M.J. Martin, Nucl. Data Sheets 63, 723 (1991)

. M.J. Martin, Nucl. Data Sheets 70, 315 (1993)

. M. Anselment et al, Nucl. Phys. A 451, 471 (1986)

. G.D. Sprouse et al, Phys. Rev. Lett. 63, 1463 (1989)

. G. Mairle and P. Grabmyr, Euro. Phys. Jour. A 9, 313 (2000)
. T. Otsuka et al, Acta Phys. Pol. B 36, 1213 (2005)

. T. Otsuka et al, Phys. Rev. Lett. 95, 232502 (2006)

. B.A. Brown et al, Phys. Rev. C 74, 061303(R), (2006)

. T. Otsuka et al, Phys. Rev. Lett. 97, 162501 (2006)

. G. Colo, H. Sagawa, S. Fracasso and P.F. Bortignon Phys. Lett. B 646, 227 (2007)
. D. M. Brink and FI. Stancu, Phys. Rev. C 75, 064311 (2007)
. X. Roca-Maza et al Phys. Rev. Lett. 106, 252501 (2011)

1
2
3
4
5. J. Dobaczewski et al, Phys. Rev. Lett. 72, 981 (1994)
6
7
8
9



Figure Caption:
1. Charge and neutron distribution of Pb.

2. Spin-density distributions of ®Pb.
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