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Abstract:

The bound radial wave functions of Cosh potential which are the solutions to the
radial part of Schrodinger equation are solved numerically and used to compute the
size radii; i.e., the root-mean square proton, neutron, charge and matter radii, ground
density distributions and elastic electron scattering charge form factors for nitrogen
isotopes 416182022\ The parameters of such potential for the isotopes under study
have been opted so as to regenerate the experimental last single nucleon binding
energies on Fermi's level and available experimental size radii as well.
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Introduction

In the nuclear realm, choosing the right nuclear potential is of great importance [1].
Firstly, the harmonic-oscillator (HO) potential is widely utilized potential for theoretical
nuclear applications. It has a restricted application since V (r) approaches to infinity at large r
besides, the radial wave functions (WF) of HO are mainly characterized by Gaussian fall off
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behavior (steep slope behavior) [2-4]. To improve the performance of the WFs of HO
potential, changes are required; in Refs [5-7], the two-frequency shell model approach were
used with limited success to study the exotic nuclei. In Refs [8-10] the transformed HO WFs
in local scale transformation (LST) were successfully used to regenerate the tail characteristic
in the density distribution for exotic nuclei, which explained the experimental ground data
quite well. Furthermore, the WSs of the Woods-Saxon (WS) potential have been used to
compute bulk properties of stable and exotic nuclei [11-13].

In the present work, the radial part of the Schrodinger equation was solved numerically
and the wave functions have been tested by calculating the ground properties of nitrogen
isotopes; '41018202N (size radii, density distributions and ground electron scattering
formation factors). The adopted parameters of Cosh potential are chosen to reproduce the last
single proton and neutron binding energies near the Fermi's level.

Theoretical bases
The Schrodinger equation for a single nucleon in A-nucleon system is given by [14]
h?_,
[—EVZ + UM | Ynije, (1,6, 90) = Enije Yije, (1,6, ) €Y
The Cosh form of U(r) which is symmetrized form of WS potential and can be written as
[15]

1 4+ cosh (g)

T R

cosh (E) + cosh (E)
where R = r,(A — 1)/ and a are the radius (of the system, A — 1) and diffuseness of the
potential, correspondingly. u = mA-1) js the reduced mass for the single nucleon and the rest
of (A — 1) system. In Eq. (1), the wave function, y,;¢, (7, 6, ) can be written as [14]

lpnljtz (T‘, 0, (P) = Rnljtz (T)ij (9' (p))(ssz)(ttz (3)
Yim(6,®), xss, and x.. represent the spherical harmonics, spinor for spin and isospin wave
functions, correspondingly.

The nuclear potential, U(r) in Eg. (1) can be written as the sum of central, spin-orbit and
Coulomb parts [14]

f(r,R,a) = (2)

U(T) = UC(TI R, a) + Us.o.(rr Rso, as.o.) + Ucoul.(r) (4)
where
U.(r,R,a) = =V,f(r,R,a)
Vio.df (r,R,a) -
Us.o.(r' R, as.o.) =2 sro dr (l.6)
! (l+1 forj=1 1
—— orj=1——=
Qoy=1 2 J 2
| 1 l =1+ 1
2 forj=1l+s
and
2
Z-1)— if 1> R
Uc(r) = (Z —1)e? ( r )2 ) for protons
= 13- (— R
k 2R, 3 R, if r <R¢
0 for neutrons

V, and V,, are the depth of the central and spin-orbit potentials. The radial part of
Schrodinger’s equation can be reduced to,
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1d [ dRuyje () 2u 11+ 1)h?
r—za( ZT 7z nlj,tz_W_U(r) Ryje,(r) =0

The use of such potential give the radial and angular parts which can be used to calculate the
proton/neutron density distributions given by [5],
1 Julptz, . .
P11 = e > 2 1Y ) Rt (D Ry, () (4)
]t (2], + 1) - a,b b” ]” a/ftnglgjgt nplpjpt
The matter density can be accounted from [16,17],

P;m (™) = pre,=p(@) + Py, =n(r) (5)
The charge electron scattering form factors is a Fourier transform to Eq. (4) [16],

4
Fo (q) = q—g f pye, () sin(qr) rdr ©)
0

1

Finally, the size radius for proton, neutron and matter is denoted by (rz)g and computed from
[16],

0]

1

= 4
(2= = [ by Crar %

0
The (r2)2, is related to the (r2)2 by [16],

1
(r2)?, = f(rz)p + 0.64 (8)
Result and discussions

The pure configuration with independent particle model (IPM) are applied with Cosh
potential to %8202\ to calculate the size radii, density distributions and charge form
factors.

The six parameters of Cosh potential, Vy, 75, &, Vs, To(s0) @nd ag, are adjusted so as to

regenerate the available experimental single nucleon binding energies and rms radii for
nuclei under study. In Table 1, the parameters of the potential for **182022N are listed. The
procedure of chosen such parameters in Table 1 are done by fixing the values of the
parameters R¢, 1o and 1y(s0y to be equal, besides The Vg, is always chosen to be 9.0 MeV,

therefore, the zone of parameters would be limited to the three parameters V,, 1, and a. Such
three parameters play crucial role in the present work. In tables from 2 to 6, the calculated

single-nucleon binding energies are computed using Cosh potentials for Nitrogen isotopes
(14,16,18,20,22N)

14,16,18,20,22N R
C

Table 1- Cosh potential parameters for =Ty = To(s0)

1y Neutron binding | Exp. neutron binding energy | Proton  binding | Exp. proton binding
777 | energy (MeV) (MeV) [18,19] energy (MeV) energy (MeV) [18,19]

1sy/, | 30.236 - 28.673 -

1ps;, | 16.455 - 14.083 -

1py, | 10.553 10.55338 + 0.00027 7.550 7.55056 + 0
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Table 2-Single-nucleon binding energies for'ZN,

iy, (T
[ZlgNl(é] ) /2 [18,19] np | v no|a Vo | Tosoy | @so
Y n  |50080 | 1300 |050 |90 |1300 | 050
7N7(170) Stable b 153603 | 1240 | 045 |90 |1240 |045
o n 46989 | 1250 | 039 |90 | 1250 | 0.39
7No(271) 713120025 54828 | 1220 | 035 |90 |1220 |035
o n | 54883 | 1220 | 045 |90 | 1220 | 045
N1 (172) 6192+ 19pus 52670 | 1300 | 042 |90 | 1300 | 042
” 5 n | 42180 | 1200 |036 |90 |1200 | 036
7N13(unknown=) 136 £3us 7y 54174 | 1275 | 039 |90 | 1275 |0.39
ZN. (0 4) n | 39649 | 1314 |040 |90 |1314 |040
24t5us 1 56194 | 1263 | 040 |90 |1.263 |0.40

Table 3-Single-nucleon binding energies for'SN,

16 Neutron binding Exp. neutron binding Proton binding Exp. proton binding
79 energy (MeV) energy (MeV) [18,19] energy (MeV) energy (MeV) [18,19]
1s1/2 29.120 - 32.074 -
1ps/, 15.823 - 17.652 -
1py ), 9.885 - 11.478 11.47821+0.00244
1ds,, 2.488 2.48885 + 0.0023 - -
Table 4-Single-nucleon binding energies for'8N,
18y Neutron  binding eE:;.gyn(e,\L/Jlters)/r; binding Proton binding | Exp. proton binding
7 energy (MeV) [18,19] energy (MeV) energy (MeV) [18,19]
151/, 35.909 - 32.731 -
1ps,; 21.815 - 20.067 -
1p1), 16.206 - 15.205 15.20658+0.02542
1ds;, | 7.411 - - -
251, 2.828 2.82822+0.02387 - -

Table 5-Single-nucleon binding energies for?9N; 4

20y Neutron binding Expénr;er;t;o&t:\r}()jmg Proton binding Exp. proton binding
7713 energy (MeV) [18,19] energy (MeV) energy (MeV) [18,19]
1s1/2 26.352 - 35.007 -

1ps /2 14.308 - 22.486 -

1p1s2 8.802 - 17.936 17.93647+0.11301

1ds ), 2.161 2.16173+0.05796 - -

Table 6-Single-nucleon binding energies for 22N, <

22
7N15

Neutron binding

Exp. neutron binding
energy (MeV)

Proton binding

Exp. proton binding

energy (MeV) [18,19] energy (MeV) energy (MeV) [18,19]
151/, 25.118 - 40.224 -
1ps)2 16.501 - 28.373 -
1p1/2 13.390 - 24.707 20.894+0.444
1ds,, 7.346 - - -
251/, 2.734 - - -
1d;), 0.731 1.28381+0.21443 - -
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In Table 7, the available experimental and computed size radii for **1°18222N are presented.
Very good agreement with experimental data for all Nitrogen isotopes
are obtained.

Table 7-Calculated and experimental size radii for *182022N
M Calculate EZXE}Z Calculate szﬁ)}z Calculate EZXE}Z Calculate /2
7Xn d (r2)/? (r*)y d (r2)}/? (r*h d (r2yl/? (r*).p d (r2)12 Exp. (r2)
P [20] " [21] cr [22] m
N, | 2445 | 243(4) | 2518 - 2549 | 2.540(20)| 2482 | 2.50(3) [20]
6N, | 2384 - 2640 | 2.64(16) | 2.483 - 2531 2'5[3%4)
By, | 2531 | 253(3) | 2.765 - 2.619 - 2676 | 2.68(2) [20]
20N, | 2522 | 2.52(3) | 2.995 - 2.604 - 2.838 | 2.84(5) [20]
2y | 2530 | 2533) | 3.307 : 2606 : 3.081 3'?3(%2)

Figure 1(a) and (b), the calculated and the experimental CDDs as well as the the calculated
and the experimental charge form factors for **N are respectively depicted. The solid curves
represent the calculations using Cosh potential. The dotted symbols represent experimental
data. It is obvious that there is very good agreement with experimental data for both, the
calculated CDDs and charge form factors.
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Figure 1- (a) Calculated CDD for *N are illustrated and compared with experimental data
[16]. In (b), the calculated charge form factors are depicted and compared with experimental
data of N [24].

The calculated MDDs for ***®N are drawn in Figure 2 and in Figure 3 for °?N. The solid
curves represent the calculations using Cosh potential and the dotted symbols are the
experimental data. For *® 2N, the pure 2s,, configuration is found to be in very good
agreement with experimental data. While for *®N, the pure 1ds; configuration is found
adequate to make the calculation in very good agreement with experimental data for all. From
Figures 3 and 4, it is clear that the asymptotic region of r for the calculated MDDs are well
generated which is the main and outstanding feature of exotic nuclei.
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Figure 2- Calculated MDDs for ®N (a) and '®N (b) are depicted and compared with
experimental data [25]. The pure 1ds, and 2s1, configurations for *°N and N, respectively
are presumed.
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Figure 3- (a) Calculated MDDs for N (a) and 2N (b) are depicted and compared with
experimental data [25]. The pure 1ds, and 2s1;, configurations for 2N and %N, respectively
are presumed.

In Figure 4, the calculated MDDs for 1418182022\ are gathered together for comparison. It is
worth mentioning that with increasing neutron numbers, the single-neutron binding energy
decreases and consequently the tunneling in the calculated MDDs increases, leading to the
upwards shift for the MDDs.
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Figure 4- Calculated MDDs for 116182022\ are displayed for comparison.
In Figure 5, the calculated charge form factors for **®%2N are all compared with the

experimental data of “*N. It is noticed that with increasing neutron numbers, the calculated
ground charge form factors shift downwards and backwards in comparison with **N.
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Figure 5- Computed charge form factors for 1018457 %N are depicted and compared with the
experimental data of **N [24].

Conclusion
The nuclear ground density distributions and electron scattering charge form factors for

nitrogen isotopes 40182022\ have been computed using the bound radial wave functions of
Cosh potential. The parameters of the aforementioned potential for the isotopes under study
are set so as to reproduce the neutron and proton binding energies at Fermi's level, as well as
the experimental size radii for each isotope under study. For the calculated ground state matter
density distributions, it is found that the results are in a very good agreement with
experimental data and greatly improved by using such potential, besides, the tail in calculated
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densities are increased with the decreasing in the binding energies for the last single neutron
on Fermi's level; and this is a result of high tunneling effect in the asymptotic part of the
radial wave functions. Finally, for the calculated charge form factors, it is found that with
increasing neutron numbers, the calculated charge form factors shifted backwards and
downwards due the increasing in the screening effect coming from the increasing numbers in
the neutrons.
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