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In this study the values of the f* disintegration energy is calculated using
the standard values of masses of mirror nuclei. These values are used to
plot a graph of f* transformation energy against A%3, The nuclear radius
parameter is determined from the slop of the graph as ro = 1.23 x 10"
m. The study then continues to compute the numerical values of the
Coulomb energy difference between mirror nuclei using Bethe-

Keywords: Weizsécker mass formula. The nuclear radius parameter determined
Coulomb energy from the Coulomb energy difference appears to have a mean value of ro
Binding energy = 1.2368 x 10" m. These calculated values are in good agreement with
mirror nuclei ro = 1.2 x 10% m, measured from the experimental data by electron
transformation energy scattering and p-mesonic atoms. These results have shown that the
nuclear radius parameter apparent discrepancy between the values for the nuclear charge

parameter derived from electron scattering and p-mesonic atoms and
those derived from mirror nuclei experiments might not be attributed to
the use of classical principles. Thus, these developments in the
theoretical measurement for nuclear radius parameter from Coulomb
energy difference and B* disintegration energy provide more accurate
results which can be used to improve model parameters.

1. Introduction

In the march towards the new era of nuclear physics, the knowledge of nuclear extension in space,
often characterized by nuclear radius, plays a very important role in understanding complex
atomic nuclei. It plays a key role in studying the static properties of atomic nuclei [1, 2] in testing
theoretical models of nuclei as well as in studying astrophysics and atomic physics [3]. The
developments in the measurement techniques for radii of nuclei provide more accurate
experimental results which can be used to improve model parameters. Thus, experimental and
theoretical nuclear radii studies are one of the important topics in nuclear physics. The radius of
atomic nucleus can be determined from its charge density distribution [4] which is most probably
spherical and experimental studies demonstrate that the volume or radius of the nucleus is
naturally proportional to the number of nucleons. Most nuclei have a nearly spherical shape and
can be characterized by an effective radius R = ro A3, where A is the nucleon number [5]. The
experimental data indicate that the order of magnitude of the range of nuclear radius parameter, ro
IS not constant [6]. Its value varies within an interval depending on the nuclide and on the way the
nuclear radius was measured.
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Several authors investigated the apparent discrepancy between the values, ro = 1.2 x 10°%° A¥3 m
for the nuclear radii derived from electron scattering and x-mesonic atoms carried out with heavier
nuclei and those ro = 1.45 x 105 A m derived from mirror nuclei experiments which are
concerned with light nuclei. Wilson, ref.[7] determined the values of charge radius, ro = 1.4 x 107°
AY® m from the average nuclear radius, R = 1.36 x 10> A¥® [1 + (3/ar)]*® m deduced from the
measured Coulomb energy differences between mirror nuclei. Thus this value of nuclear charge is
in agreement with the nuclear radii obtained for the same nuclei from experimental methods [8].
But it is slightly higher than that obtained by high energy electron scattering method. The
discrepancy between these values suggested being due to the use of classical principles instead of
qguantum mechanical principles in calculating the Coulomb energy. Peaslee [9] provide a more
rigorous expression for Coulomb energy by adding correction due to non-uniformity of the
nuclear charge distribution, the requirement of the discrete arrangement of the charges on protons,
effect of uncertainty in the localization of the protons, non-sphericity of the nucleus, corrections of
position of the protons and the size of the nucleus and measure the correct value of nuclear charge
parameter.

In this work circumvent the difficulty in calculating the charge radii from quantum mechanical
principles; we determine ro from the f* transformation energy using the standard values of masses
of the mirror nuclei from ref. [10] and from Coulomb energy difference calculated from Bethe-
Weizséacker formula [11-14]. The energetic in the 8 transformation of the mirror nuclei contain an
important insight on how Coulomb interaction may affect nuclear wave functions [15,16]. The
nuclear charge radius can be estimated based on the study of the energetic in the g* transformation
of the mirror nuclei. As for other methods, the nuclear charge radii from g* transformation energy
leads to the evidence that the nuclear volume is substantially proportional to the number of
nucleons in a determined nucleus.

There are a group of nuclei, called mirror nuclei, which their stable decay products each contain
just one more neutron than the number of protons and their mass number is A = 2Z — 1. Since the
mass number A doesn’t change, the nuclear radius, R = roAY® will not change. Experimental
evidence showed that nuclear forces are perfectly charge-symmetric and charge-independent
symmetrical in neutrons and protons and that nuclear binding between two neutrons is the same as
that between two protons. The measured energy differences in the excited analogue states between
mirror nuclei are close to each other. This indicates that the “nuclear part” of the binding energies
in pairs of mirror nuclei should be close to each other [17-19]. But one expects differences in the
excited analogue states between mirror nuclei due to Coulomb interaction as the number of
protons and neutrons are interchanged [16].

2. Methodology

2.1 The Liquid Drop Model of Nucleus

Protons inside the nucleus suffer electrostatic repulsion. This acts against the attractive binding of
the nuclear forces. We know there is an electromagnetic repulsive force between protons due to
their charge and so this will reduce the binding energy for nucleons with several protons. As we
believe the nuclear force itself is independent of nucleon type, then the protons will on average be
spread evenly throughout the nucleus, which means the charge density is uniform. The nucleus is
electrically charged with total charge +Ze. Assume that the charge distribution is spherical and
from the liquid drop model we set p = constant.
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Figure 1: A charge drops of VVan der Waal like fluid with a relatively thin surface layer dr.

The reduction in binding energy due to the Coulomb interaction can be computed from classical
electrostatics by taking the definition of the charge density:

__ charge _ 3Ze

volume ~ 47R3

where R = roA® is the outer radius of nucleus includes self interaction of last proton with itself.
From Figure 1, the electrostatic potential at the surface of a sphere of radius r <R:

_ka _ E41‘rr3p _ E4n’r3 3Ze _ Z_ke(i)2
U(r)_r_r 3  r 3 4nR3 R \R @

The next layer of nuclear matter has a charge equal to
dq = 4nridrp (2)
and its potential energy is

Zke

2
U(r)dq = T(g) Aridrp = k(Ze)ZiL:dr

where the use of (1) and (2) have been made. Hence the total Coulomb energy is

Z 3k(Ze)? (R
Ec = fOeU(r)dq = R: Jy rdr

Changing the integral to dr, we find:

E. = 3k(Ze)? RS _ 3ke? Z?
¢ R6 5 5 1, AL/3

©)

Equation (3) represents the electrostatic energy required to assemble a spherical nucleus with Z
protons. Assuming mirror nuclei to be of the same structure, their mass difference is caused by
Coulomb energy difference and mass difference between neutron and proton. The Coulomb
energy of both mirror nuclei is:
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2 72
A _ Eke zZ
9X > Ec = 5 A3
2
A _ 3ke?z(z-1)
Z+1Y - ECI T 5 ro Al/3

For a pair of mirror nuclei AXz — Xz _1 of radius R, charges Z and (Z - 1), the Coulomb energy
difference is

3 ke?

AEc =Ec—E¢r = E,r.OA—l/:;[ZZ - (Z - 1)?]
_3ke? 123
- 5 To A (4)

2.2 The Coulomb Energy Difference from Transformation Energy

As is well known, experimentally, there exists a difference in the mass of the constituents of an
atom, Zmp and Nmy, and its atomic mass, mnucleus. That difference is called the Nuclear Binding
Energy (Eg), which is considered the energy necessary to keep the nucleons bound together, or the
energy required to separate the nucleus into nucleons. For a nucleus with A nucleons, Z protons
and N neutrons the Binding energy is given as

2 acz(z-1) ax(A-22)? 5
EB = avA_asA3— CA1/3 - A 2 +A1/2 (5)
+ap, if N is even and Z is even
0= 0, if 4 is odd
—ap, if N is odd and Z is odd

where av, as, ac and ap are fit parameters. Equation (5) includes both empirical and theoretical
parts; the theoretical part of this formula is obtained from the “liquid drop” model as proposed by
George Gamow [20] containing some terms which were later developed by Niels Bohr and John
Archibald Wheeler [12]. The atomic mass of elements as a function of mass number and atomic
number can be estimated in terms of the binding energy (Eg) written in Bethe—Weizsacker formula
[11,21], as below:

M(4X) = Zmy + Nm,, — = Ep (6)

2

where Zmy and Nm, are mass of hydrogen atom, and neutron mass respectively, c is the speed of
light in a vacuum, c? is the mass-energy equivalence factor [18]. Equation (6) estimates
appropriately the atomic masses, binding energy data of stable and near-stable nuclei and other
properties of the nuclei [21]. Using the Bethe-Weizsacker mass formula and whiting for odd A
nuclei; 0 = 0 and az is semi-empirical parameters. Some values have been found by several
authors. The Coulomb energy AEc can be calculated using SEMF. Therefore the difference in
binding energy of both mirror nuclei, M(4X) and M (,_4Y) is given by

AEg = M(4X) — M(5_4Y)
—[Z=(Z =DMy + (N =M, + ac[Z? — (Z —1)%]A7:
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2
=MH_MTL+aCA§=MH_Mn+AEC
= 1.007825 — 1.008665 + AE,
= AE — 0.782455 MeV 7)

2.3 The g* Disintegration Energy

The positron p-decay involves the transformation of one proton in the parent nucleus turns into a
neutron in the product nucleus, via the weak interaction. Simultaneously a neutrino and a positron
(the p-ray) are expelled from the nucleus the process can be represented as:

-+ Je+v. +EPBY)

For the decay product, the nuclear charge Z of the parent positron s-decaying nucleus decreases to
Z - 1 and the mass number A doesn’t change [22]. The first member of the pair of the mirror
nuclear is usually " active and undergoes A transformation into the second as

72X > 2 AY + BT +ve + E(BY) (8)
The expression of the A" disintegration energy is therefore:
E(B*) = [Am(2X) — Am(z4Y) — 2m,]c? — AEep(e™)
= [M(2X) = M(z4Y) — 2m,]c?
= AEz — 0.10220 MeV (9)

Where AEg = M(4X) — M(,_4Y). The difference in binding energy can be defined in terms of
transformation energy as

AEz = E(B%) + 0.10220 MeV (10)

Therefore the Coulomb energy difference in Equation (7) can be calculated by substituting the
values of binding energy (10) as

AE; = AEg 4 0.782455 MeV
= E(B*) + 0.884655 MeV (11)
The numerical values of Equation (11) are computed in Table 1.
2.4 The Binding Energy Difference

Here, the binding energy difference, AEg in (1) is calculated by substituting the readily available
and highly accurate values of masses of the mirror nuclei.

For the mirror nuclei, 3Nz — 13Cs, the disintegration scheme of 3N is:
BN BC+pT+v

The atomic masses of the nuclei are: 1¥N7 = 13.005739 u; 3Cg = 13.003355 u.
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Am(*3N) = Zmy + (A — Z)my, — Myycieus
=0.10103 u = 94.10977 MeV
Am(*3C) = Zmy, + (A — Z)my, — Mpycieus
=0.10426 u = 97.11291 MeV
AEg = Am(BN) — Am(*3C) = 3.00314 MeV (12a)
For the mirror nuclei, **0g — **N5, the disintegration scheme of °Qg is:
B0-> BN+ +v
The expression of the A" disintegration energy is:
E(B*) = [am('30) — Am(*3N) — 2m,]c?
The atomic masses of the nuclei are: **Og = 15.003065 u; *N7 = 15.000109 u.
Am(*30) = Zmy, + (A — ZIMy — Muycreus
=0.12020 u = 111.96090 MeV
Am(*3N) = Zmy, + (A = Z)My — Muycieus
= 0.12399 u = 115.49690 MeV
AEp = Am(130) — Am(*5N) = 3.53600 MeV (12b)
For the mirror nuclei, 2Mgi2 — *Naus, the disintegration scheme of 2Mga. is:
Mg - 33Na+ B +v
The expression of the * disintegration energy is:
E(B*) = [Am(33M) — Am(33Na) — 2m,]c?
The atomic masses of the nuclei are: 2?Mgi, = 22.994125 u; #Nai; = 22.989770 u.
Am(33Mg) = Zmy, + (A — Z)mpy — Muycieus
= 0.19510 u = 181.72980 MeV
Am(3iNa) = Zmy, + (A = Z)My — Mucieus
= 0.20029 u = 186.56890 MeV
AEp = Am(33Mg) — Am(33Na) = 4.83910 MeV (12¢)
For the mirror nuclei, 3516 — 31P1s, the disintegration scheme of 3!Sy6 is:
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1S > P+ +v
The expression of the g* disintegration energy is:
E(B*) = [Am(35S) — Am(3EP) — 2m,]c?
The atomic masses of the nuclei are: 3!S16 = 30.972071 u; 3'P15 = 30.973726 u.
Am(3gS) = Zmy, + (A — Z)my — Mpycieus
= 0.27563 u = 186.56890 MeV
Am(§3P) = Zmy, + (A — Z)my, — Muycieus
= 0.28226 u = 262.92350 MeV
AEg = Am(3LS) — Am(3LP) = 6.17580 MeV (12d)
For the mirror nuclei, ¥Caz — 3*Ka9, the disintegration scheme of 3¥Cay is:
30Ca—> 3K+ +v
The expression of the A" disintegration energy is:
E(B*) = [Am(3jCa) — Am(33K) — 2m,]c?
The atomic masses of the nuclei are: **Cazo = 38.970718 u; **K19 = 38.963707 u.
Am(33Ca) = Zmy, + (A = Z)My = Muycieus
= 0.35042 u = 326.41600 MeV
Am(3K) = Zmy, + (A — Z)My — Maycieus
= 0.35827 u = 333.72910 MeV
AEz = Am(33Ca) — Am(33K) = 7.31310 MeV (12€)
where the use of My = 1.007825 u, M, = 1.008655 u and 1u = 931.494 MeV, have been made.
The size of a nucleus is characterized by the root mean square Rrms or by the radius R of the
uniform sphere [23]. It is well known that the mean squared radii of neutron, proton, charge and
mass distribution can be defined as follows:

f;o r24nr?p(r)dr

2\ —
(TC ) - f;°47tr2p(r)dr

(13)

where p(r) is the nuclear charge density [24]. For a uniformly charged sphere [p(r) = constant] of
radius R, (13) takes the form:

143



A. Adamu etal./ Journal of Science and Technology Research
1(1) 2019 pp. 137-148

Thus, the two quantities, Rrms and R are related through the following equation:

Ryms = (rc2>1/2 = \/éR (14)

The Coulomb energy difference for mirror nuclei and g* transformation energy measured the root
mean square radius Rrms Of the electrical charge distribution [8;25-28].

3. Results and Discussion

The computed values of the binding energy difference (12a — 12e) are presented in Table 1. It can
be seen from Table 1 that the calculated values of g* transformation energy (which is through
weak interaction) of mirror nuclei is closed to the difference in the binding energy of the nuclei.

Table 1: The calculated values of the g* transition energy between the mirror nuclei

AXz —AXz_1 A23 AEs MeV E(g") MeV
BN; - B3Cq 5.52878 3.00314 2.90094
150g — 1Ny 6.08220 3.53600 3.43380
BMg12 — *Nayy 8.08758 4.83910 473690

31516 — 31Pys 9.86827 6.17580 6.07360
39Caz — ¥Kyg 11.50032 7.31310 7.21090
51Feys — 5IMnys 13.75245 8.80634 8.70414

Table 2 shows the computed values of Coulomb energy difference from which nuclear radius
parameter, ro is evaluated from the equation:

2
_3ke? 2 11 A3
To = SAECA3 = 0.8640 x 10 A,

A2/3
= 0.8640 MeV =— x 10~
AEc

The mean value of ro from Table 2 is 1.2368 x 107*> m. this value is in good agreement with those
calculated by electron scattering and z-mesonic atoms, ro=1.2 x 10> m,

Table 2: will be used to evaluate the ro parameter of the nuclear radii

AXz — "Xz 1 AR AEs MeV  AEc (MeV) ro (fm)
3N, — 18C, 5.52878 3.00314 3.78559 1.26185
1505 — 15N, 6.08220 3.53600 4.31845 1.21687

2Mgy, — 2Nay 8.08758 4.83910 5.62155 1.24301
3G, 31pg 9.86827 6.17580 6.95825 1.22533
9Caz0 — ¥K 11.50032 7.31310 8.09555 1.22737
51F g5 — S'Mnys 13.75245 8.80634 9.48660 1.24672
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The information represented in Table 1 is extended further by plotting a graph of g* disintegration
energy against A% (Figure 2).
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Figure 2: The plot of #* transition energy against A%® with the intersect on 0.908 MeV on E(8") —
axis

Figure 1 shows the plot of the g* disintegration energy against A%3. This is a straight line graph
with equation:

y = 0.702x — 0.908

where the slop of the graph is ac =0.702 MeV.

2
ac =252 = 0.702 Mev
5

To
With the value of ac the nuclear radius parameter ro can be determined as:.

_ 3ke? _ 0.8640

x 10~ 11ey = 28820 10-17 1y

5 ac ac 0.7020

1o
=1.23x10"%m

In Figure 1 the fact that the experimental values tend to lie on a straight line indicates that these
nuclei have Coulomb-energy radii which correspond to a constant-density model R = roA'®, with
the slope of the data giving the particular value ro = 1.23 x 10™® m for the nuclear unit radius.
Thus, the mean value of ro for the remaining mirror nuclei will be about 1.23 x 10*® m. this value
Is in good agreement with those calculated by electron scattering and x-mesonic atoms, ro= 1.2 x
10 m.
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The root-mean-square nuclear matter radii (Rrms) contain an important insight on nuclear potentials
and nuclear wave functions. Therefore, these nuclear radius parameters can be applied to
determine Rims for various atomic nuclei. The effective radii for various nuclei are calculated by
substituting the nuclear radius parameter obtained from the Coulomb energy difference as:

R = \E(r(f)l/z =1.23 x 1071545 m (15a)
and from " transformation energy as
R = \E(rg)l/z =1.2368 x 1071545 m (15b)

Now, the root mean square radii Rrms Of nuclei which is related with R by Equation (14), is given
by:

3
ers = ER (163.)

and for g* transformation energy it can take the form:
R'yms = |-R (16b)

Table 3 showed the numerical values of root mean square radii R’rms and Rms for g*
transformation energy and Coulomb energy difference respectively are calculated using Equations
(15a), (15b), (16a) and (16b).

Table 3: The numerical values of effective radii and root mean square radii obtained from
Equations (15a), (15b), (16a) and (16b) all values are in fm (1 fm = 10> m).

AX R=1.2368 AY® | R’=123 A rms = 1.2368 AY® | R’ms=1.23 A3
12C 2.83157 2.81600 2.19333 2.18127
1N 2.98086 2.96447 2.30897 2.29627
60 3.11654 3.09941 2.41406 2.40079
OF 3.30028 3.28213 2.55639 2.54233
Ne 3.35719 3.33873 2.60047 2.58617
ZNa 3.51729 3.49796 2.72448 2.70951
24Mg 3.56755 3.54793 2.76341 2.74822
81p 3.88526 3.86390 3.00951 2.99297
323 3.92660 3.90501 3.04153 3.02481
$CI 4.04565 4.02341 3.13375 3.11652
K 4.19425 4.17119 3.24885 3.23099
“OAr 4.22980 4.20654 3.27639 3.25837
5Mn 4.70349 4.67763 3.64331 3.62328
Fe 4.73183 4.70581 3.66526 3.64511

These results (Table 3) are compared with the data obtained from three theoretical approaches:

optical approximation; rigid target approximation and the exact Glauber Theory, performed using

a Monte Carlo simulation technique (Table 4). It can be seen from Table 4 that the values obtained
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from optical approximation and the rigid target approximation result in smaller values of root
mean square radius when compared with the values extracted from the electron scattering data,
ref. [29]. The values of root mean square radius obtained in the framework of the Glauber Theory
and those from Table 3, are in better agreement with the electron scattering data.

Table 4: The values of nuclear charge radius extracted from the three theoretical approaches:

optical approximation [30]; rigid target approximation [31] and Glauber Theory [32].
Nuclide: Without NN range With NN range Glauber
AX HO, optical WS, optical WS, optical | WS, rigid target Theory
2C 2.31+£0.02 2.25x0.01 2.09£0.01 2.18 £ 0.01 249 +£0.01
14N 2.47+0.03 2.42 +0.03 2.23+0.03 2.35+0.04 2.64 +0.03
150 2.54 +0.02 2.48 + 0.02 2.29+0.02 2.41+0.03 2.69 +0.02
F 2.61 +0.07 2.55+0.08 2.34+0.08 2.44 +0.09 2.75+0.07
2ONe 2.87 £ 0.03 2.84 £ 0.04 2.63 £ 0.03 2.75x0.04 2.99 £ 0.03
BNa 2.83 £ 0.03 2.73x0.04 2.52 £0.04 2.62 £ 0.04 2.91+0.03
Mg 2.79+£0.15 2.65%0.23 244 £0.22 2.53+0.24 2.85+0.20
35CI 3.045 £ 0.037 2.92 £0.04 2.68 £ 0.04 2.76 £ 0.04 3.08 £ 0.04
4OAr 3.282+0.036 | 3.16+0.04 2.90 + 0.03 2.98 + 0.04 3.30 £ 0.03

Thus, the values of root mean square radius obtained in the framework of the Glauber Theory and
from the Coulomb energy difference and from g* transformation energy, are in better agreement
with the electron scattering data than the data obtained from optical approximation and rigid target
approximation.

4. Conclusion

As a conclusion, we may say that the apparent discrepancy between the values, ro = 1.2 x 101
A3 m for the nuclear charge parameter derived from electron scattering and x-mesonic atoms and
those ro = 1.45 x 10°*> A3 m derived from mirror nuclei experiments might not be attributed to
the use of classical principles instead of quantum mechanical principles in calculating the
Coulomb energy, as our calculated values of nuclear radius parameter using classical principle are
in good agreement with those measured from the experimental data by electron scattering and u-
mesonic atoms, ro= 1.2 x 10> m,

The values of root mean square radius obtained in the framework of the Glauber Theory and from
the Coulomb energy difference and from g* transformation energy, are in better agreement with
the electron scattering data than the data obtained from optical approximation and rigid target
approximation. These new developments in the theoretical measurement for nuclear radius
parameter from Coulomb energy difference and " disintegration energy provide more accurate
results which can be used to improve model parameters.

5. Conflict of Interest

There is no conflict of interest associated with this work.
References

[1]. Angeli, I. (2013). Manifestation of non-traditional magic nucleon numbers in nuclear charge radii. Acta Physica
Debrecina, Vol. XLVII: 7 —12.

147



2.
[3].

[4].
[5].
[6].

[7].
[8].

[9].
[10].

[11].
[12].

[13].
[14].

[15].

[16].

[17].

[18].

[19].
[20].
[21].

[22].
[23].

[24].
[25].
[26].
[27].

[28].
[29].

[30].
[31].

[32].

A. Adamu etal./ Journal of Science and Technology Research
1(1) 2019 pp. 137-148

Bohr, A. Mottelson, B. R. (1969). Nuclear Structure, Vol. 1: Single Particle Motion. World Scientific. pp. 138.
Sun, B. H., Lu, Y., Peng, J. P, Liu, C. Y. and Zhao, Y. M. (2014). New charge radius relations for atomic
nuclei. Physical Review C, 90(4): 054318.

Bayram, T., Akkoyun, S., Kara, S. O. and Sinan, A. (2013), New parameters for nuclear charge radius formulas,
Acta Physica Polonica B, 44(8): 1791 — 1799.

Gauthier, N. (1989). Deriving a formula for nuclear radii using the measured atomic masses of elements,
American Journal of Physics, 57(84): 344.

Royer, G. (2008). On the coefficients of the liquid drop model mass formulae and nuclear radii, Nuclear Physics
A, 807: 105 —518.

Wilson, R. R. (1952). Radii of Mirror Nuclei. Article in Physical Review, 88(2): 350-351.

Lyman, E. M., Hanson, A. O and Scott, M. B. (1951). Scattering of 15.7 MeV Electrons by Nuclei. Physical
Review, 84(4): 626.

Peaslee, D. C. (1954). Coulomb Energies of Light Nuclei. Physical Review, 95(3): 717 — 723.

Stephen, T. T. and Rex, A. (2013). Modern Physics for Scientists and Engineers, Fourth Edition, Cengage
Learning Boston, USA. pp 650 — 672.

von Weizsdcker, C. F. (1935). Zur theorie der kernmassen. Zeitschrift fir Physik A, Hadrons and Nuclei, 96 (7):
431 —458.

Bethe, H. A., and Bacher, R. F. (1936). Nuclear physics A. Stationary states of nuclei. Reviews of Modern
Physics, 8(2): 82.

Morrison, J. C. (2015). Modern Physics for Scientists and Engineers, 2" Ed., Academic Press. pp 446 — 447.
Yadav, N. K., Gowda, R. S. and Mishra, P. S. (2017). Nuclear Radius Correction to Bethe-Weizsacker Mass
Formula. Proceedings of the DAE Symp. on Nucl. Phys., 62: 128 — 129.

Merino, C., Novikov, I. S. and Shabelski, Y. M. (2009). Nuclear Radii Calculations in Various Theoretical
Approaches for Nucleus-Nucleus Interactions. Physical Review C, 80: 06416.

Ekman, J., Rudolph, D., Fahlander, C., Charity, R. J., Reviol, W., Sarantites, D. G. Tomov, V., Clark, R. M.,
Cromaz, M., Fallon, P., Macchiavelli, A. O. Carpenter, M. and Seweryniak, D. (2000). The A = 51 mirror nuclei
5IFe and 5!Mn. Eur. Phys. J. A, 9: 13-17

Wang, N., Liang, Z., Liu, M. and Wu, X. (2010). Mirror nuclei constraint in mass formula. Physical Review C,
82: 044304.

Pinedo-Vega, J. L., Rios-Martinez, C., Talamantes-Carlos, M. P., Mireles-Garcia, F., Davila-Rangel, J. I. and
Badillo-Almaraz, V. (2016). Semi-empirical Nuclear Mass Formula: Simultaneous Determination of 4
Coefficients. Asian Journal of Physical and Chemical Sciences, 1(2): 1-10.

Jenkins, D. G. (2005). Mirror energy differences in the A = 31 mirror nuclei, 3'S and 3P, and their significance
in electromagnetic spin-orbit splitting. Physical Review C, 72: 031303 — 05.

Wyler, J. A. (1974). Rasputin, science, and the transmogrification of destiny. General Relativity and Gravitation
(5)2: 175-182.

Abadi-Vahid, M. M., Mohsen, M. and Bagher, A. M. (2017). Estimation of Semi-Empirical Mass Formula
Coefficients. Nuclear Science. 2(1): 11-15.

Ghoshal, S. N. (2008). Nuclear Physics. S. Chand & Company Ltd. New Delhi. pp 33.

Basdevant, J. L., Rich, J. and Spiro, M. (2005). Fundamentals in nuclear physics: from nuclear structure to
cosmology. Springer Science and Business Media, Inc., New York, USA, pp 11.

Tel, E., Okuducu, S., Tanir, G., Akti, N. N. and Bolukdemir, M. H. (2008). Calculation of Radii and Density of
198 |sotopes using Effective Skyrme Force. Communication in Theoretical Physics, Vol. 49 No. 3, pp 696 —
702.

Jancovici, B. G. (1954). Coulomb Energy and Nuclear Radius. Physical Review Vol. 95, Number 2: 389 — 392.
Fitch, V. L. and Rainwater, J. (1953). Study of X-ray from Mu-Mesonic Atoms. Physical Review, 92: 789.
Cooper, L. N. and Henley, E. M. (1953). Mu-Mesonic Atoms and the Electromagnetic Radius of the Nucleus.
Physical Review, 92: 801.

Bitter, F. and Feshbach, H. (1953). Nuclear Radii. Physical Review, 92: 837.

De Vries, H. De Jagar, C.W. and De Vries, C. (1987). Nuclear Charge Density Distribution Parameter from
Electron Scattering. Atomic Data Nuclear Data Tables, 36: 495.

Ozawa, A. Suzuki, T. and Tanihata, I. (2001). Nuclear Size and Related Topics. Nuclear Physics A, 693: 32-62.
Ozawa, A., Baumann, T., Chulkov, L., Cortina, D., (2003). Erratum to: Measurements of the Interaction Cross
Section for Ar and Cl Isotopes. Nuclear Physics A, 727: 465-466.

Merino, C. Novikov, I. S. and Shabelski Yu. M. (2009). Nuclear Radii Calculations in Various Theoretical
Approaches for Nucleus-Nucleus Interactions. Physical Review C, 80 064616.

148



