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Abstract: The sensitivity of the neutron skin thickness S in **Pb to the new addition of the high

order isospin-dependent nucleon-w-p coupling term in the relativistic mean field model is studied.

Calculations show that the high order isospin-dependent nucleon-w-p coupling term can further

soften the symmetry energy, and thus further decrease the neutron radius of **®*Pb without affect-

ing other ground-state observables.
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1 Introduction

Much attention™ '™ has been devoted to stud-
ying the neutron skin thickness S in **Pb, a quan-

tity defined as the difference between the root-

mean-square(rms) radius of neutrons, +/{(r.) , and

that of protons, /{(r.) —./<(ri>. It is of signifi-
cance, indeed, a precise measurement of the neu-
tron radius of **Pb, together with existing high-
precision measurements of the proton radius of
“¥Ph, will yield a precise value for the neutron
skin thickness, thus providing one of most strin-
gent tests for current models of nuclear structure.
As the neutron radius of *®Pb is not tightly con-
strained by existent ground-state observables,
some authors'® " by introducing a nonlinear
isoscalar-isovector coupling or higher order cou-
pling modify the poorly known dependence of the

symmetry energy, and thus change the neutron ra-
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a new addition of high order nucleon-w-p coupling L =9+ % . 7

term to Relativistic Mean Field (RMF) model.

2 Formalism

The basic physics underlying RMF models and
their application in nuclear physics can be found in
Refs. [16—18 .

standard. The Lagrangian of isodoublet nucleon

The following derivations are

field(¢) interacting via the exchange of one scalar
(¢ for the sigma)and three vector (w” for the ome-
ga, b for the rho ,and A" for the photon) fields.
That is,

Y= ng:'}’ ” (ia/z — oW, *g{,‘t * b/A o %()(1 +T3 )A/L> o

M+ g,0)¢ + %8"08/10 — %miaz — %w’”w/l, +
%miw’*w# — %b“ b, + %mib*‘ < b, —
%FF —Ug(os o'y b 1

where M, m,, m, , m, are the nucleon-, the o-, the
w- and the p-masses, respectively, while g, g,
g, and ¢’ /4mw=1/137 are the corresponding con-
stants for the mesons and the photon; the various

field tensors have been defined as follow:

w,, =0,w, —O,w, (2)
b,,=9,b,—2b, . (3)
F,uv:a/lAvialJA;l ’ 4

Ueff(UV W, b’l>:%g253+%g30'4 -

e @, — 1A g, Weloet ()

where g,, g; and ¢; are the nonlinear parameters
for the self-interactions of the scalar and vector
fields, A, is nonlinear mixed isoscalar-isovector
coupling coefficient. The author tries introducing
the following new coupling of the nucleon current

to w- and p-meson fields:
o - g2 w"w
ﬂ/mw = —Au,gl}g{,'}’ " WT . b,,g[) ’ (6)

where A, is coupling coefficient. Thus the total

Lagrangian density is:

Within the framwork of RMF models, substituting
the Lagrangian density into the Euler-Lagrangian
equations of motion leads to Dirac equations of mo-
tion for the nucleon spinors and Klein-Gordon
equatinos for the mesons and photons. For a stat-
ic, spherically symmetric system “*Pb, the single-
particle solutions of the Dirac equation may be

written as; (using |x=r)

, 1 (G ) Yy (X
W, =My =—| , e L. @
lf nkt ( r) ‘//"}/*Km (x>

r

where {a«})={a=nkt; m} denotes the collection of
all quantum numbers required to describe the sin-

gle-particle Dirac spinor. ¢ denotes a two-compo-

. . . . 1
nent spinor in issopin space(with t= & — for pro-

2
tons and neutrons, respectively), n and m are the
principal and magnetic quantum numbers, respec-

tively, and the spin-spherical harmonics are de-

fined as:
'i:’/w(;c)zd\l%jmh j=|,c\—% : ()
K if «>0
= ) . (10)
— 11—k, if £<<O

Further, the following spinor normalization

has been adopted:
Jdgzrf’UZ(x)"l/a(x)
:der(gf(r) Ll =1 . AaD
0

It then follows that the coupled differential e-
quations satisfied by the radial components of the

Dirac spinor are given by:

_(_d k),
Euga(r)—( dr+rjf"(r)+
M~+SH) +Vg. G o (12)

. d
E. f.(» =(—5+§jgu<r> —

M+SrH) =V .Gy, (13)

where

V() =gow, + g, (1 +A, (5’7“’) j iy +
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%e<1+f3>Ao , (11
S(r) =g,0 . (15)

The meson field equations reduce to the fol-

lowing set of equations:

dr? r dr
=—g.p. — g:0" — g0’ (16)
d? 2 d
(_@ B E,+mi)wo =8 0y — cywy —

2
8A, g g b wy + o8 ’]’wpg‘” . an

d? 2 d 2

~ 2
A(%) )—8Avgigiw?.bo , (18)
r

& 2 d B
(drz +7 diJAo(r)*_e‘Op . (19

The corresponding densities are given by:

o () =p.,(r) +p..(r) 20)
o () =p, () +p,..(r) 2D
os () =p.,(r)—p..(r) (22)

o () =p, ,(r) (23)

where scalar and vector densities have been defined

as:

<.(( ) d - ‘ ‘
[Z (rJ Z(%j (& (D F )+ @D
v t \I

nK

where t=n,p for neutron or proton, respectively.
The neutron and proton rms radii are directly re-
lated to the neutron and proton density distribu-

tions via the following relationship:

dxfo‘(r)r2
e (25)
dep‘(r)

The total binding energy of the system is:
E=>E.2j,+1 — %de[ g.0(rp.(r) +
%gzﬁ (r) + %gsw (r) j| — %de{ gobo (1) -

[1+3Au,(%j_}pg(;’) —

8A, (g, gowo (Nb, (1) )? } — %de [g.w(p, (H)—
1 1
?ngo (V):|* ?jdon (r)(oc(r) - MA

(26)

The coupled, ordinary differential equations
(9)—(10) and (13)—(16) must be self-consist-
ently solved, see Refs. [10,19], for details.

3 Result and Discussion

Three models are considered in this article,
the very successful NL3M2 20 along with the S271
and 72710190,

ed to the following properties of symmetric nuclear

These three models are constrain-

matter;: nuclear saturation at a fermi momentum of
kg=1. 30 fm '; a binding energy per nucleon of
16. 24 MeV; and a incompressibility of K = 271
MeV. The various parameter sets are listed in Ta-

ble 1.

The symmetry energy"'® '* 1 is given by
ki | & ki
wm (0) = , = 27
Gam 20 6Ex T 3n m,’

where £y is the Fermi momentum, /kr+M"?,

M"* =M+ g,o is the effective nucleon mass.

Table 1 Model parameters used in the calculations”

Model me g5 Lo g2 g3 c3

NL3 508.194 10.271 12.868 —10.431 —28.885 0.00

S271  505.000 9.006 10.806 —12.370 —17.323 0.00

7271 465.000 7.031 8.406 —5.434 63.691 49.941

1 the scalar mass m, is

* The parameter g; is given in fm™
given in MeV; the nucleon, rho. and omega masses are kept
fixed at M= 939, m, =763 and m, =783 MeV, respectively,

except in the case of the NL3 model where it is fixed at m, =

782.5 MeV.

Further, the effective rho-meson mass has
been difined as follows:

.2 :mi +8A.8. 80w,

0 I ’ (28)

m

where I'=1+A, (g, 0w/M)?.

The symmetry energy at saturation density
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corresponding to kx =1. 30 fm ', is not well con- 0.0 0.0 4.785 —7.952 5.460 0.238
strained experimentally. Rather, an average of the — 9.5  5.138 —7.984 5.459  0.199

symmetry energy is constrained by the nuclear
binding energy. The following prescription is a-
dopted: the value of the NN, coupling constant is
adjusted so that all parameter sets have a symme-
try energy of aym=25. 68 MeV at kx=1.15 fm™ ' (p
=0.10 fm ™), That is

2
M, Na gy,

s (29)

2
g‘o*

3
3’:2 ¥ —8A.g"w) Ay

— ki /6E¢ ).
The results are listed in Table 2. From the

where Adym = (@ ym

Table, we see that the combination of A, and A,
can further decrease the neutron skin thickness S
in *Pb while still maintaining the binding energy
and the proton radius nearly constant. The binding
energy and proton radius are accurately determined
experimentally. The experimental binding energy
per nucleon (E/A)., in “*Pb is—7.868 MeV'*"',
considering the correction for center-of-mass mo-
tion is neglected in the self-consistent RMF calcu-
lation, an equivalent experimental (E/A) ., is —7.
843 MeV for *Pb, which is estimated via the
harmonic oscillator phenomenological formula E,,=
Table 2 Results for the NL3, S271 and Z271 effective intera-

tion, the binding energy per nucleon. E/A ., the pro-

ton rms radius R, and the neutron skin thickness S in

208 p,
Model A, A, o E/A R, S
NL3 0.0 0.0 4.461 —7.854 5.460  0.280

0. 005 0.0 4.606 —7.864 5.460  0.265
—1.6 5.054 —7.898 5.461 0.218

0.01 0.0 4.766 —7.872 5.461  0.251

|
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.897 5.465  0.209

o
o
—_
S
>
\
-

.885 5.465  0.233
—0.6 5.371 —7.897 5.467  0.204

0.025 0.0 5.374 —7.890 5.468  0.209

ol

—0.4 5.544 —7.897 5.470  0.196

0.03 0.0 5.164 —7.974 5.462  0.205
—0.9 5.320 —7.985 5.463 0.191
7271 0.0 0.0 4.749  —7.774 5.459  0.241

0.01 0.0 4.811 —7.777 5.460  0.235

0.02 0.0 4.874 —7.783 5.460  0.228

—10.0 5.401 —7.840 5.458  0.169

wl

—9.0 5.430 —7.839

w
S
w
©
=3

. 168

0. 05 0.0 5.080 —7.801 5.460 0.201

0.75 hwys with hw,=41A Y21, and the fact that
the accurately measured value of the proton rms
radius R, of **Pb is (5. 45+0. 02) fm"*'. Move-
over for Z271 parameter set, which sacrifices good
fits to the experimental binding energy per nucle-
on, the absolute value of the binding energy of
8Ph using Z271 effective interacion is smaller than
the experimental one; by introducing the isospin-
dependent high order nucleon-w-p coupling correc-
tion to RMF model, the combination of A, and A,
can make the absolute value of the binding energy
go near the experimental one.

The results can be explained as follows: the
neutron radius of *®Pb thus neutron skin thickness
S relies on the density dependence of symmetry.
Stiff density dependence (i. e. , pressure) for neu-
tron matter pushes neutrons out against surface
tension, leading to a larger radius. Fig. 1 clearly
shows that the new introducing coupling term can
further soften the density dependence of the sym-
metry energy (i.e., cause the symmetry energy to

grow more slowly with density) and thus leads to a
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smaller radius.
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Fig. 1 The symmetry energy d.m (in MeV) in symmetric

nuclear matter as a function of density ( in fm *) in

the NL3 model.

4 Summary and Conclusion

Present model-dependent analyses of experi-
mental data with hadronic probes yield values of
neutron skin thickness S of **Pb varying between
0.0 and 0. 2 fm"™ %, According to Table 2, it is
clearly seen that the results of neutron skin thick-
ness S of **Pb, after adding the new isospin-de-
pendent high order nucleon-w-p coupling term

2
g, w0,

{[n ew MZ

=—A.dg,7" Teby . (30

seem to be more consistent with the present mod-
el-dependent analyses. However, hadronic meas-
urements suffer from controversial uncertainties in
the nuclear reaction mechanism. The Parity Radius
Experiment (PREX) at Jefferson Laboratory aims
to measure the neutron radius in *®Pb via parity
violating electron scattering to an unprecedented

accuracy of 1% (#£0.05 fm)M* 27, which should

provide a unique observational constraint on the
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