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Modified Zimanyi-Moszkowski model for finite nuclei
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A modified Zimanyi-Moszkowski model for finite nuclei is investigated in this paper. The improvement on
the Zimanyi-Moszkowski(ZM) model is achieved by including a tensor force. It shows that in the ZM model
the spin-orbit splittings of finite nuclei can be improved by the inclusion of a tensor coupling. Furthermore, the
tensor force is generally attractive in the interior of nuclei and repulsive in the surface region. As a result,
nucleons become more tightly bound in the deep-lying states, and more loosely bound in the states close to the
Fermi surface, when the tensor force is included.
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[. INTRODUCTION The paper contains four sections. In Sec. Il we will review
the MZM model and derive some basic formulas for finite
The Zimanyi-Moszkowski (ZM) model [1] is useful in  nuclei. In Sec. Il we will present numerical results and dis-
explaining many experimental properties of nuclear matter ircussions. The paper gives our conclusion in Sec. IV.
the mean field approximatiofMFA). This model gives a
reasonable incompressibility for nuclear matter ,(K Il. THE MZM MODEL
~225 MeV), and a large effective nucleon masd*(M
~0.85 MeV)[2,3]. Furthermore, the ZM model can be con-
sidered as an extended version of the linear Walecka model
[4], in which the scalar coupling constant becomes effec- L=J| y
tively related to the nuclear matter density through the .
o-meson field. This density dependent coupling is useful in

The extended Lagrangian for the MZM model is given by

P 1t “ w ~ he
7] —eTA —g,0"—g,7b

the description of heavy-ion collisionis]. On the other . ” 1 2,2
hand, the spin-orbit splittings are known to be the important " gm* 9,0 F‘”] Ut 5(9udd"P=m; %)
properties of finite nuclei. As pointed out in Ref§,7], the

spin-orhit splittings for finite nuclei given by the ZM model 1, L1 DTS
are too small compared with the experimental findings. The * 5 My@,® _ZFWF * Empbn' b ZGW' G
reason for this shortcoming is that the effective nucleon mass

at saturation density given by the ZM model is large, and B }A AR &
results in small spin-orbit splittings due to the weak mean 47wt

fields[6,7]. In order to overcome this shortcoming, Baad
Zimanyi have recently proposed a new effective Lagrangianyhere the tensor coupling of the-meson field to the
in which a tensor coupling term is introducg@ferred to as nucleon field is includedf, stands for the tensor coupling
the modified Zimayi-Moszkowski(MZM) model] [8]. The  constant, an@ the o-meson field. We also use the following
positive features of the MZM model are that the good prop-hotations,F ,,=d,0,—d,»,, in which », is the w-meson
erties of the ZM model for nuclear matter are unchangedfield G, =g b,—d.,b. . with the isovector fieldd, . A

. . . . . . 1 mv v v Mmoo v
while the spin-orbit potential is expected to be improved.=, A,~dA,, and o,=(/2)y,,y,]. If f,=0, the
Recent investigations have also shown that the inclusion of §1zM model goes back to the ZM model. It is remarkable
tensor coupling term to the ZM Lagrangian does not changenhat the term of tensor coupling in the MZM model contains

the thermodynamic properties of nuclear matter in the MFAg nonlinear coupling between te andw-meson fields due
[9], and can obtain the reasonable behaviors of the tempergg the effective nucelon madd *:

ture and density dependence of gheneson masgl0]. It has
also been shown that the tensor coupling in the MZM model *=M-m*g, ¢, 2
is especially helpful in describing the spin-orbit splittings

[11]. Nevertheless, the MZM model proposed by Band  in which the parametem” is given by

Zimanyi has not been used to describe the properties of finite

nuclei; what role the tensor force plays, and how the tensor m* = 1 _ 3)
coupling affects the single particle spectrum in the MZM 1 9,9
model remain unclear. In this paper, we extend the MZM + M

model investigations to the study of finite nuclei, and attempt
to shed light on the role the tensor coupling plays in the With Eq. (1), the equations of motion for finite nuclei can
MZM model for finite nuclei. be derived in the MFA as
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TABLE |. Coupling constantsC? with the definitions C?
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TABLE Il. Results of infinite nuclear matter at the saturation

=g?(M/m))? (i=0, w, p) for the MZM model. The mass param- point with f,=0. The energy per nucleas, the effective nucleon

etersM, m,, andm, are given in units of MeV.

massM*, the value of incompressibiliti, , the scalar and vector
potentials SandV, are given in units of MeV; the saturation density

c? c? c? M m, m, m, po is given in fmi 3,
177.396 63478 29550 938.27 525 783 770 o M K s v
—15.69 799.17 220.80 —138.72 83.10 0.15
d? 2d
d)(r) ¢(r) m5é(r)
d K
aFa(f)—?Fa(fH(Ea—V(f)—M*(f))Ga(r)

HOpdn+ LTSS, @

=—g,Mm

d? 2 d )
?wo(r)+ T awo(r)—mwwo(f)

d .9, ¢()
( )drpt( ) 2M2

=—0,

©)

2

d
3200 4 grPo(n) =mibo(r)=—g,ps(r),  (6)

d? 2d B
EAO(VH'FEAO(")—_GP,)U), (7
where
p(r)= E (lGa<r>|2+|F (N3, (8)
ps(r)= E (|Ga<r 2= |F ()], (9)
o= V|G (1) 2+ F o(r)]?),
(10)
B 2j,+1 ) )
pp<r>—§ s )(leau 12+ F o(r)]?),
(11)
pu(r)= 2 2Ga<r>Fa<r> (12)
and
Gol1)+ = Gyl1) ~ (6, = V(T + M (1)F (1)
fvgm dwO(r) _
ZM*(I’) dr Ga(r)_oi (13)

fvgw dwo(r) _
ZM*(r) dr Fa(r)_ov (14)

with the effective nucleon madd*(r) given by Eq.(2), and
the vector potentiaV/(r) defined as

+1
V(r):gwwo(r)+7agpb0(r)+ i 2 )eAO(r) (15)

Here « is a reduced set of quantum numbeps,«,t,
=r71,2} [4], while G,(r) and F(r) are, respectively, the
radial parts of the upper and lower components of the solu-
tion to Dirac’s equations for the nucleon

G,(r)
! r
wa: Fa(l’) gTQ’ (16)

—Kkm

Km

r

where & is a two-component isospinor with the isospin

quantum numbet,=1 for the proton andr,=—1 for the
neutron, and),.,, a spin spherical harmonic. The normal-
ization condition for the Dirac wave function is

[“argeum R p-1 )
The total energy of the system is given by

1
E=2 (2j,+1)e,— Ef d3r| —m*(r)2g,ps(r) p(r)

fU o ll)d
e “;°()pt(r>+gwwo<r>(p<r>

2M?

f,  dpr) f,0,de(r)

v dr s ar P | Fabe(nps(n)
+eA(r)py(r) |. (18)
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TABLE I1ll. Binding energy per nucleorB/A, rms charge radius;, and spin-orbit splittings of the
nucleus'®0 as a function of the tensor coupling constint Values between parentheses are for protons, the
others are for neutrons.

f, 0 1 2 3 Expt.
B/A (MeV) 8.43 9.31 10.32 11.48 7.98
re (fm) 2.64 2.60 2.55 2.50 2.74

Equations(4) to (14) are a closed set of coupled nonlinear nite nuclear matter in the MZM model, the calculated results
differential equations, which can be solved with an iterationlisted in Table Il are quite reasonable for the nuclear matter
procedure. in equilibrium. It is obvious that the obtained results of infi-
The spin-orbit potential results from in a single particle nite nuclear matter witlf,=0 in the MZM model are the
Hamiltonian that acts on two-component wave functionssame as those in the ZM model. Then we evaluated the prop-
out the spin-orbit part the obtained results show that these two nuclé® and
208pp, are crucial, while the rest can be ignored, we will

Mis=Viel -5, (19 focus our discussion on these two nuclei. Our calculations on
in which the binding energy per nucleon, the root-mean-squms)
charge radius and the spin-orbit splittings of the nuc¢f@
dv(r) d3(r) and 2%%Pb are presented in Tables Ill and IV. One can see
dr  dr f,0, dwo(r) from these tables that the rms charge radipsdecreases

slightly asf, increases. In terms of the binding energy per

+
2 * dr
2men(r)r Mer(F)M™(r)r nucleon this change operates in the opposite direction. It is

f guwo(r) dS(r) clear that, with the increase if), value, the values of the
- = 02 , (20) spin-orbit splittings come close to those of the experimental
Meg(N)M*2(r)r  dr data. In order to understand the physical source of these re-

sults, we show the variation of the spin-orbit potential with
respect to the tensor coupling constant in Fig. 1. It is appar-
ent that the spin-orbit potentials are strengthened with the

o increase inf, value. As a result, the nucleons are more
S0 M*(1)go4(r), @1 tightly bound as the tensor coupling gets stronger, so that the
1 binding energy per nucleon increases and the rms charge

Meg(r) =M — E(V(r) —S(r)). (220  radius decreases.
The scalar and vector potentials for the nucléd and

20 - : o0 (i
Similarly, the central potential in the MZM model is defined *Pb are plotted in Fig. 2. In comparison wifh=0 (i.e.,

with the vector potentiaV/(r) given by Eq.(15). The scalar
potentialS(r) andmg«(r) are specified as

as[12] the ZM mode), the vector potentials defined by E45) first
increase and then decrease fgsincreases. However, the
Vo(r)=S(r)+V(r). (23)  scalar potentials defined by E®1) first decrease and then
increase asf, increases. The coordinates of the turning

fm for the large nucleug®®Pb. These turning radii are close
The coupling constan§?=(M?/m?)g? (i=o0,» andp)  to the average values predicted by the formyta1.12A13
and the mass parameters for the MZM model are presentad the liquid-drop model. When compared, Figga)2and
in Table I1[11]. First, we investigated the properties of infi- 2(b) indicate the potentials for the small nucled®0 are

TABLE IV. Binding energy per nucleom/A, rms charge radius., and spin-orbit splittings for the
nucleus?®®b as a function of the tensor coupling constint Values between parentheses are for protons,
the others are for neutrons.

f, 0 1 2 3 Expt.
B/A (MeV) 7.83 8.07 8.31 8.57 7.87
re (fm) 5.55 5.53 5.51 5.50 5.50
€2p112— €2p31A MEV) 0.220.23 0.40(0.41) 0.61(0.61) 0.820.82 0.5
€x171— €x15{MEV) 0.52 0.94 1.39 1.89 1.8
€3p12— €3pziA MEV) 0.19 0.34 0.50 0.67 0.9
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FIG. 1. The spin-orbit potentidtefined by Eq(20) in the texi as a function of the radial distance foy=0, 1.0, 2.0, and 3.0a) For
the nucleus'®O; (b) for the nucleus’®%b.

more sensitive to the changesfin values. 20%ph with r<6.7 fm and repulsive in the surface region

Figure 3 shows the central potentials defined by 89)  (r=6.7 fm). As a result, the tensor force causes the tight
for 10 and?%®Pb. For the small nucleu¥0, in comparison  binding of nucleons in the deep-lying occupied states and the
with the curve off,=0, the central potential first goes loose binding of nucleons in the states close to the Fermi
deeper forr~0—2.8 fm, then becomes shallower beyond surface. This repulsive effect of the tensor force in the sur-
ri~2.8 fm with the increase if, value. These results indi- face explicitly leads to that the nucleons in the states close to
cate the tensor force is generally attractive in the interior othe Fermi surface are less bound with the increasing,of
the small nucleust®0 and repulsive in the surface region value, e.g., for the occupied statep;% in 0, and 3,
(r=r). Although influenced by shell effects, the tensor (neutrong, 3s,, (protons, etc., in 2°%Pb; for the unoccupied
force is mainly attractive in the interior of the large nucleusstates s, and %,, in 10, and 3oy, 1i11, €tc., for neu-
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FIG. 2. The scalar and vector potentiftiefined by Eqs(21) and(15) in the text, respectivelyas a function of the radial distance for

f,=0, 1.0, 2.0, and 3.0(@) For the nucleus®0; (b) for the nucleus®®®b. The short arrow at the transverse axis indicates the radial
coordinate of the turning pointr{).
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FIG. 3. The central potentigtlefined by Eq(23) in the tex{ as a function of the radial distance fiy=0, 1.0, 2.0, and 3.0a) For the
nucleus'®0; (b) for the nucleus?®Pb. The short arrow at the transverse axis indicates the radial coordinate of the turning point (

trons, and hg,, 2f;p,, etc., for protons irf°Pb (see Figs. 5 by M*(r)=M+S(r), where the scalar potentia§(r)

and 6. One important point is that the tensor force is mainlychanges withf,, values as shown in Fig. 2. Clearly, it de-

proportional to the derivative of the-meson field with re- ~creases in the regionr£r,) and increases beyond the

spect to the radial coordinate, aag(r) changes slowly in  Wwith the increase irf, value in comparison witti,=0. For

the interior of the large nucleus. Therefore, the effect of thef,=0-3, the average value of the effective nucleon mass at

tensor force is relatively weak in the interior of the larger=0 is aboutM*/M~0.85 for the nuclei*®0 and ?°%Pb.

nucleus?®®Pb, in comparison with that of the small nucleus  In Figs. 5 and 6, we show some occupied and unoccupied

160. single particle energies in nucléfO and ?°%Pb as done in
The effective nucleon mass in the nuctéd and?°®bis  Ref.[12]. For the small nucleus®O in Fig. 5, neutrongor

shown in Fig. 4. Since the effective nucleon mass is definegrotons in the deep-lying occupied states o$;L and 1p5,
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FIG. 4. The effective nucleon maBdefined by Eq(2) in the texi in nuclei as a function of the radial distance fge=0, 1.0, 2.0, and
3.0.(a) For the nucleug®0; (b) for the nucleus’®®b. The short arrow at the transverse axis indicates the radial coordinate of the turning
point (ry).
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FIG. 5. The occupied and unoccupied single particle energies in FIG. 6. The same as the Fig. 5 but f§¥Pb.

160. The experimental data are taken from Ré8|.

indicate that the tensor force can improve the agreement be-
are more bound with the increasingfofvalue. But neutrons  yyeen the MZM model prediction and the experimental data
(or protong in the occupied states ofpl >, as well asinthe  for gpin-orbit splitings. In addition, the tensor force has
unoccupied states ofdk, and 2s,, tend to be less bound as gome influences on binding energies per nucleon, rms charge
f, value increases. For comparison we also present the singlg i and single particle energies as well. The study shows
particle energies it calculated by the nonlmear Walecka 6 tensor force is generally attractive in the interior of nuclei
model with the parameter set NL1 and the experimental datgnd repulsive in the surface region. As a result, nucleons are

[13], it is seen that the single particle energies given by th X . ot
MZM model still deviate from those given by the nonlinear ore tlghtly bound in the deep-lying staFes, and more Ioosgly
bound in the states close to the Fermi surface with the in-

Walecka model and the experimental data. Similarly, for the . . .
large nucleus®®®Pb in Fig. 6, neutrongor protons in the creasing of the tensor coupling. It is also shown that the

deep-lying occupied states, e.gs;3, 1ps,, and g, are nuclgons_in some occupied single particle states with the
more bound, while nucleons in the occupied states close tifative high total angular momentum become more bound
the Fermi surface, e.g.,08,, for neutrons and 8, for pro- S th(_a tensor coupling constant increases. The valu_e of the
tons, as well as in the unoccupied states, .gg2 i1/, effgc_tlve nucl_eon mass can remain Iarge,_wh!le_the spm-or_blt
etc., for neutrons, andH,,, 2f-5,, etc., for protons, become splittings are improved if the _tensor cou_plmg is introduced in
less bound with the increasing bf value. From Figs. 5 and the MZM model. However, in comparison with the results
6 it is also seen that the single particle energfesoccupied ~ given by the nonlinear Walecka model and the experimental
state$ with the relative high total angular momentums, suchdata, it is shown that, besides the spin-orbit splittings im-
as Ipg, in 0, 1iigp, 1hiyp, 2ds,, 1099, 1f7p, etc., for  proved in the MZM model, the inclusion of the tensor cou-
neutrons, and do,, 1, 1ds,, and Ipgp,, etc., for pro-  pling seems not enough to improve the other shortcomings of
tons in 2°%b, become smaller with the increasing if ~ the ZM model for finite nuclei.

value. These results indicate that the nucleons in those occu-

pied states are more bound Bsincreases. It is also self-

evident that the single particle energies in the small nucleus ACKNOWLEDGMENTS
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