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of finite nuclei with mass number A in the semi-empirical mass

formula. The nuclear reference density changes slowly with the mass

Keywords: number and reaches to 0.1 fm™ for heavy nuclei and for light nuclei the

Droplet  model,  nuclear reference densities fall rapidly with the decrease of mass number. I also

symmetry energy, reference  calcylate the reference density at p, for a heavy nuclei Pb*® and light

density, semi-empirical  yyclei Ca* for two different splitting of exchange strength and

mass formula. observed that the reference density slightly higher than 0.1 fm™ for
Pb?%® and slightly lower for Ca*®,

Intoduction:

In recent decades, numerous interactions and approaches have been carefully applied to explain the
properties of both finite nuclei and infinite nuclear matter including the study of a neutron star.
Relativistic Dirac-Bruckner-Hartree-Fock (DBHF) [1-7] and non-relativistic Bruckner-Hartree-Fock
(BHF) [8-10], the relativistic mean-field (RMF) [11-12] model, non-relativistic Skyrme-like interactions
[13-18] have been used to study the isospin dependent properties of asymmetric nuclear matter such as
nuclear symmetry energy, nuclear symmetry potential, the isospin splitting of nucleon effective mass,
finite nuclei properties like neutron skin thickness, heavy-ion collision, dipole polarizability, etc., but the

theoretical values are varied widely.
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The symmetry energy coefficient asm(4) of finite nuclei and its dependency on nuclear density have
drawn significant interest [19-26] due to its usefulness in restricting the density dependence of the
nuclear matter symmetry energy [19, 25, 27, 28]. It can be retrieved from extensive experimental data on
nuclear structures or directly from the nuclear energy-density functional [19, 29-33], depending upon the
approximation. A semi empirical connection between symmetry energy of nuclear matter (NM) at
reference density Eym,(p4) and the properties of finite nuclei was proposed in [34]. An earlier paper
proposed a relationship between the symmetry energy coefficient of finite nuclei and the symmetry
energy of NM at reference density [20, 35]. In this paper, I have studied symmetry energy coefficient
asym(A4) of finite nuclei with different mass number by using finite range effective interaction and estimate

the the symmetry energy at saturation density Eg,,,, (04).

2.1 Finite range effective interaction

The finite range effective interaction is given by [36-37]

- t3 N\ [
Veﬁ(r):t0(1+x0P‘7J5 r +?(1+x3pgjp7(R)§ r +(W+BP0—HPT—MPGPT)f(r),

(1)

where f(r) represents a short-range interaction of conventional form such as Yukawa, Gaussian, or
exponential and specified by single range parameterA. p = p,+ p,, is total nucleon density, to, 3, xo, x3,7,

W, B, H, M are adjustable parameters in the interaction. This form of effective interaction is very similar

to the Skyrme-type of interactions except for the fact that the #; and ¢, terms in the latter case have been
replaced by the short-range interaction (W +Bps-Hp,—MPp, PT) X f(r). P, = %(1 + G1.0%)
and P, = %(1 + 7,.7,) are the spin and isospin exchange operators respectively. This simple effective

interaction is found to have a zero range density-dependent part similar to Skyrme type interaction and
long-range density-independent part of conventional form such as Yukawa, Gaussian and exponential.
The energy density in the asymmetric nuclear matter (ANM) derived from this effective interaction can

be written as,
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H(p.p)= 2—[Ifn( )k d k+pr( )k2d3k]
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2
fz (?) (t =n,p) is the single-particle momentum distribution function normalized to the local

) - -
density p, = [ f;(k)d3® k

At zero temperature f (?) is described by a step function f (l_c)) = 0(k F— k), where g

(2m )3
1

37z2 3

is the spin-isospin degeneracy factor and & f = 5 P is the Fermi momentum. g, (

?—?’D is

the normalized Fourier transform of the short-range interaction f(r) and for Yukawa form of
functional f(r) it is explicitly given as
- _>/ 1
gex(|k_k|) = Ze

€]
1+ 1z

The parameters EoLE,™, E , Ey ul E,land E,,* are related to the interaction parameters as given in

Ref. [38]

E{ = po %0(1 —x) + (W + g —H-— %)ff(r)d&r], (3.2)
EY = po |22+ x3) + (W +2) [ f(r)d’r], (3.b)
Ep =130 (1= x3), (3.0)
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Byl = 2pl (2 +x3), (3.d)
Ebw=po(M =5 =B +3)[f(dr, ()
E = po (M +3) [ FIr, (3.0

2.2 Fixation of parameters

The complete calculation of neutron-proton mean-field properties, as well as the equation of state of
ANM, requires the correct splitting of the parameters like (Eol + Eoul), (Eyl + Eyul) and (Eexl +
Eex”l) into two specific channels for interactions between like and unlike nucleons. There are no such
experimental/empirical constraints on the splitting of these three combined parameters except for the
value of nuclear symmetry energy Esym(po) at normal nuclear matter density from the liquid-drop
model. Different choices of these splitting, therefore, lead to contradicting behavior of the iso-vector part

of the nuclear mean-field as well as the effective mass. The six parametersE ol,E 0"1, Eyl, Ey”l, E exl and

Eex"l are related to Eg, Eyand Eyas in Ref. [36]

E _ Eo'+Eo™ E _ E)+EM
0= 5 FYT

The parameters E,, and A are determined to give a correct momentum dependence of
the mean-field in SNM at normal nuclear density py and at zero temperature as demanded by the optical
model fits nucleon- nucleus scattering data at intermediate energies [39]. E,, Eand y are determined

dE(p)

~ap lp=po = 0 and K(pp)=210 MeV as cited in Ref.

from the saturation properties, E(po)=-16MeV, p
[36]. Keeping the range parameter, the same, we have considered two different sets of strength
parameters for the exchange interaction, and the values of all the parameters are shown in Table 1.

. 1 _ Eex . 1 _ 3Eex
A E, = > AxE, = .

. 1 _ Eex . 1 _ SEex
Bi:E,, —TaBZ-Eex ==

TABLE: 1 sets of Interaction parameters
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(MeV) (MeV) (MeV) (MeV) (MeV) | (MeV) (fm™!
)
Al - 64.599 -193.799 | 127.255 | 255.866 |-112.5 |-199.7 |13270.998 |0.181 |2.363
A2 -193.799 | -64.599 | 127.255 |255.866 |-23.67 |-288.53
B1 - 43.066 -215.333 | 127.255 | 255.866 | - - 184.89
127.31
B2 -215.333 -43.066 | 127.255 | 255.866 |-8.863 |-
303.336

2.3 Nuclear matter symmetry energy and symmetry energy coefficient in semi-empirical mass

formula

The total energy per nucleon for nuclear matter is given by upto 2™ order of isospin asymmetry S as
E(p,B) = Eq(po) + Esym(p)ﬂz + 0(,84) 4)

where p = p,, + p,, is the total baryon density with p, & p, denoting the neutron and proton densities
respectively. Eo(p) = E(p, B = 0) is the binding energy per nucleon in symmetric nuclear matter and

Esym(p) be the symmetry energy which is expressed as

1 8%E(p,B)
Esym(p) = ag_[;i'ﬁzo
KS m
:Esym(po) + Ly + zy, XZ + 0()()3 > ®)
where y = 2 3_:0.
0

dEsym(p) d*Esym(p)
—X2—  and Ksym = 9p§ —d’; Z

p=0

The coefficient L = 3p, are slope and curvature parameters of

p=0
the symmetry energy respectively. To get the information on the density dependence of symmetry energy,
the symmetry energy of finite nuclei has been widely investigated by fitting ground state masses using
the liquid drop mass formula.The density dependence of nuclear symmetry energy obtained from the two
sets of parameters [39-40] is depicted in fig.1. The experimental result [41] has also been plotted in the

same figure for the sake of comparison.
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Fig.1. Variation of symmetry energy Eyn with density by using our model parameters and an

experimental comparison.

The Leptodermous expansion in terms of powers of A"/ | the symmetry energy coefficient asym(A) of a

finite nucleus is written as,
-1 -2
asym(A) = Esym(po) —egA /3 + e A /3: (6)

Where Esym(po) denotes the symmetry energy of nuclear matter at normal density, ess and e.s are the

coefficients of the surface-symmetry energy and curvature-symmetry energy terms, respectively. On the
basis of the constraints obtained from the different studies of nuclear matter symmetry energy, Centelles

et. al. [42] found that symmetry energy coefficient ag,,,, (4) of finite nuclei with mass number A in the

semi-empirical mass formula can approximately equal to nuclear matter symmetry energy at reference

density p4 in the subsaturation density region .i.e.

Esym (pA) = Qsym (4) (7)

Using the semi-empirical mass formula the mass dependence of the symmetry energy coefficient

asym (A) of finite nuclei can be expressed as

Esym(po)
asym(A) = [Z+—x1£’ (8)
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9Esym(P0)A_1/3 ) (9)

where X, = 0

The parameter Q is called the neutron skin stiffness coefficient of droplet model (DM) [43-44] and it is
related to the nuclear surface symmetry energy [44]. Usually for a given nuclear interaction, the Q
parameter can be obtained from asymmetric semi-infinite nuclear matter. The X can be approximated by

X, = (L _K’Sﬂ)ﬂ (10)

12/ Esym (po)’

Using the phenomenological effective interaction [40] and Yukawa form of exchange interaction, Xa is
calculated for the splitting of E., and E%! [45] by using equation (10). Further using these values of Xa
in equation (8), I have calculated the values of the symmetry energy coefficient a,ym, (A) of finite nuclei
for EL, and E%. Using this result one can estimate the symmetry energy at reference density Esym(pa)

proposed by Centelles et al. in ref. [46].

—=—E, £, /2
e EycE,/2
A E\'p’
v Exp’

T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220 240
A

Fig.2. Plot of asym,(A) against A considering saturation density for two sets of interactions as well as

some experimental results.

It is observed that when E,, ' is greater than E,* the value of asym(A) lies within 25-28 MeV and
when Eexul is greater than Eexl it lies within 19-24 MeV for 20<A<240 [47]. It is also observed that

when Eexul is greater than Eexl the result is approximately experimental result.

According to research in intermediate heavy ion collision (HIC) the density dependent nuclear symmetry

energy at subnormal densities [19-23] can be written as
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a
Esym(p) = Esym(po) (i) . (11)
Now inserting equation (7), (8) and (10) in equation (11) one can obtain
FAN -1/3\71
(2) =@ +x,475)7" (12)

Using equation (12) the reference density p, of a nucleus with mass A can be expressed as

pg=—"0— (13)

1.
(14+x,4471/3)a

From equation (13) the reference density p, is plotted as a function of nuclear mass A for various values

Po

of Xaand a in fig.3. In the same figure, the result of the parameterized expression of p4, = py — Wrea®

proposed by Centelles et al. [46] is also shown for comparison.

It is found from the graph that the reference densities for finite nuclei with A=20-250 lies within the
range 0.4p,<p,<0.63p, for the different values of E,, using equation (13) as well as for the relation
proposed in Ref. [42, 46]. 1t is further observed that the reference densities obtained from the different

splitting of Eexl as well as the results proposed by Centelles et al. [46] are in good agreement with each

other.
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Fig.3: Reference density p, as a function of mass no. A for parameter Al, A2, Bl and B2 as well as for

Po

the relation py = py — Wrealy"

Centelles et al. tested the parameterization of the above expression in the mass region 40 < A <208 . For
mass region A < 40 and A > 208 all the results shows similar extrapolation. It also be noted from fig. 3

that for heavy nuclei the reference densities change slowly with the mass number and reaches to 0.1 fm™
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and for light nuclei the reference densities fall rapidly with the decrease of mass number. So the
symmetry energy of nuclear matter at reference density more appreciably related to the symmetry energy

coefficient of heavy nuclei than that of lighter nuclei.
2.4 Reference density of Pb2%® and Ca*®

To verify the reference density p, for particular nuclei, I have also studied the variation of
symmetry energy Esy,,(p) and symmetry energy coefficient agy,, (4) for two nucleus Pb>* and Ca* and

plotted the variation in fig.4 and fig.5 respectively.

In fig.4a and fig.4b symmetry energy Ey,,(p) and symmetry energy coefficient agy,,(A4) for
Pb?%® plotted as a function of reference density p, for interaction A; and As respectively and from the
fig.4a it is observed that at p, = 0.106 fm>, Esym(pa) = asym (A) where as from fig.4b reference density
p4 is about 0.109 fm™>,

On the similar way, I have plotted symmetry energy Ej,,(p) and symmetry energy coefficient
Asym (A) for Ca®® as a function of reference density p, for interaction A; and A» respectively in fig.5a
and fig.5b and estimate the reference densities are p, = 0.089 fm™ for A; and 0.091 fm™ for A, when

Esym (pa)= Asym (4) .
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4a:Variation of Egym(p) and agym(A) for Pb*® plotted as a function of reference density p, for

interaction Aj.
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Fig. 4b: Variation of Egypn, (p) and agym, (A) for Pb>*® plotted as a function of reference density p, for

interaction Aj.
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Fig. 5a: Variation of Egym(p) and asy,, (A) for Ca* plotted as a function of reference density p, for

interaction Aj.
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Fig. 5b: Variation of Esy,,(p) and agy,, (A) for Ca®® plotted as a function of reference density p, for

interaction Aj.

3. Conclusions

In my study, it is observed that when E,lis greater than E,* the value of asym(A) lies within 25-28
MeV and when Eexul is greater than Eexl it lies within 19-24 MeV for 20<A<240 [20, 21]. It is also

observed that when E ex“l is greater than E exl the result is approximately experimental result.

The reference densities for finite nuclei with A=20-250 lies within the range 0.4p,<p,<0.63p, for the
different values of E,,' using equation (13) as well as for the relation proposed in Ref. [12] . It is further

observed that the reference densities obtained from the different splitting of Eexl as well as the results

proposed by Centelles et al. [12] are in good agreement with each other.

I have also studied the variation of symmetry energy Es,m, (p) and symmetry energy coefficient
asym (A) for two nucleus Pb** and Ca*. It is observed that for Pb** nuclei at py = 0.106 fm”, Ey,,(04)
= agym (A) for Ay and reference density p4 is about 0.109 fm™ for A, Similarly for Ca*® the reference

densities are p, = 0.089 fm™ for A; and 0.091 fm™ for A, at which Esym(pa) = asym(4).
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In future, there are several ways through which one can extend the work and find some universal data to
reduce the controversies about some nuclear matter properties like neutron skin thickness, dipole

polarizability etc.
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