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Abstract: We study the properties of proton rich nuclei reported as proton emitters in the region from I to Bi with Z =

53 to 83 and N = 56 to 102 as a crucial application to the existence of exotic nuclei. The effective relativistic mean-
field formalism (E-RMF), with NL3, FSUGarnet, G3 and IOPB-I interactions, is adopted for analysis of the ground
state properties of proton emitters. Furthermore, in the E-RMF background, the Wentzel-Karmers-Brillouin (WKB)

barrier penetration method is used for the calculation of proton emission half-lives. It is found that the calculated half-

lives are in good agreement with the experimental results for all emitters considered in this study.
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1 Introduction

The nuclear landscape is categorized into different re-
gions, where the valley of stability is situated almost at
the center containing around 288 stable nuclei. By adding
nucleons, we move away from the valley of stability and
enter into the vast zone of short lived radioactive nuclei,
which decay by a and B- particle emission or split into
smaller parts through spontaneous fission. Moving away
from the valley, a point comes where the binding energy
is insufficient to hold the last nucleon, and hence it gets
emitted. These extreme points create a boundary for the
nuclear landscape, known as the proton drip line on the
one side, represented by Protactinium (Z = 91), and the
neutron drip line on the other side, given by Oxygen (Z =
8), both determined experimentally [1]. The phenomenon
of nucleon emission from the nuclear ground state limits
the possibility of creation of more exotic nuclei in the
nuclear landscape. The study of exotic nuclei includes
many predicted and observed novel facts such as the
change of the magic number, shape discrimination
between core and halo [2], giant halo [3, 4], and is an in-
dispensable factor in the contemporary nuclear physics.

Received 13 November 2018, Published online 4 March 2019

DOI: 10.1088/1674-1137/43/4/044102

Specifically, exotic nuclei above the drip lines show great
challenges to both experimental and theoretical physi-
cists.

Proton emitters lie above the proton drip line with the
proton decay energy Q, > 0 for spontaneous proton emis-
sion. Proton emission does not only give information on
the interaction of the nucleons near the drip line, but also
provides spectroscopic information because the decay
rate of unpaired decaying proton is sensitive to the Q
value and orbital angular momentum (¢) , which in turn
helps to determine the ¢ value of the emitted proton. The
¢ value is a prime quantity to explore the anomaly in the
shell structure of the proton rich nuclei involved in the
process. Proton radioactivity also provides invaluable in-
formation on the nuclear force beyond the drip line re-
gion.

Experimentally, the first proton emitter was dis-
covered as an isomeric state of >*Co* in 1970 [5, 6]. Since
then, more than 30 proton emitters have been observed in
the region around I to Bi, with the proton number from Z
=53 to 83 [7, 8]. Many theoretical studies have been car-
ried out to understand the physics beyond the drip line [9-
13]. In addition, the simple cluster model [14], the effect-
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ive liquid drop model of heavy particle decay [15], and
the unified fission model by Gupta et al. [16], where the
pre-formed cluster model is modified with the effects of
Coulomb repulsion, nuclear attraction by proximity po-
tential and rotational energy, were studied. Similarly, the
folding model analysis of proton radioactivity by single
folding of the densities of the daughter nucleus with the
effective M3Y nucleon-nucleon interaction [17] and with
the M3Y + EX and R3Y + EX interactions [18] , provide
reasonable results for the observed proton-radioactivity
life time. The relativistic continuum Hartree-Bogoliubov
theory (RCHB) [19, 20] , with the relativistic energy
density PC-PK1 functional [21], was used to examine the
phenomenon of proton emission from both the ground
and isomeric states, and to calculate the half-life of pro-
ton emitters in the region of the proton drip line. All these
studies produce results that agree well with the experi-
mental data.

The finite and infinite nuclear matter have been suc-
cessfully studied using the effective relativistic mean-
field (E-RMF) approach [22]. In this approach, the exper-
imental values of finite nuclear properties, such as the
binding energy, root mean square radius etc., are very
well reproduced [23]. The E-RMF model starts from the
Lagrangian of the system which includes the self- and
cross- couplings of isoscalar-scalar o, isoscalar-vector w,
isovector-scalar ¢, and isovector-vector p mesons. Each
meson coupling has its own importance in describing the
nuclear properties [24].

The original formula for E-RMF of Frunstahl et al.
[25] analyzed the nuclear properties without the inclu-
sion of isovector-scalar § meson and the cross coupling of
o and w mesons. The effects of § meson and the cross
coupling of p and w mesons were included by J. K. Bunta
et al. [26] and C. J. Horowitz et al. [27]. Although the in-
clusion of p meson takes care of the bulk properties of the
nucleus arising from the isovector part, the contribution
of dmeson becomes very important for studying the drip
line or highly asymmetric nuclei, which can be found in
refs. [28-40]. In this context, we have used the E-RMF
formalism with the inclusion of 6 meson and the cross
coupling of w and p mesons to study the bulk properties
of proton rich nuclei.

The paper is divided into following sections. Section
2 is devoted to the brief description of E-RMF and the
formalism used in the present study. The results of our
calculations and discussions are presented in Section 3,
and the conclusion drawn from the study is given in Sec-
tion 4.

2 Theoretical formalism

To study the highly asymmetric system, we assume
the E-RMF model, where the energy density functional

&(r) includes the contributions from the self- and cross-
couplings of o, w, p and 6 mesons and photon A. In this
section we briefly summarize the E-RMF energy density
functional which reads as [25, 40, 41, 42],
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where m, mg, m, and ms, g+, 8w, & and gs and @, W, p*
and p are the masses, coupling constants and fields for
the o, w, p and § mesons, respectively. ¢?/4n and A, are
the coupling constant and the field of a photon, respect-
ively. The fields for the mesons are constructed from the
Klein-Gordon equation, and the nucleon dynamics are
taken care by the Dirac equation. The set of E-RMF equa-
tions is solved numerically by a self consistent iteration
method using the NL3 [43], FSUGarnet [44], G3 [24] and
IOPB-I [45] parameter sets to obtain the ground state
properties and the spherical matter densities, which are
used for further formulation to get the effective nuclear
interaction potential.

In the open-shell nuclei, the pairing correlation plays
an important role. For nuclei near the stability line,
simple BCS approximation with a constant gap [46, 47] is
an appropriate formalism for the pairing effect. However,
it fails to describe the pairing effect in the drip line nuc-
lei. This is because the constant gap between the levels is
lost as we move away from the stability line. For such
nuclei, the increase in the number of neutrons or protons
drive the Fermi level to zero, and the availability of levels
above the Fermi surface is reduced. In such a situation,
the continuum states are significantly populated and the
particle-hole and pairing excitation reach continuum. To
overcome this problem, the BCS formalism is modified
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by taking into account the continuum effects by means of
the quasibound states [48, 49] (states that are bound by
their own centrifugal-plus-Coulomb barrier). In this ap-
proach, we restrict the region of influence of the pairing
potential to the vicinity of the Fermi level. The relativist-
ic Lagrangian contains only the term ¢¢ , and no terms
of the type ¢ or ¢ (responsible for the pairing effect)
are found. In the mean-field approach, the mean of the
above terms vanishes. Hence, it becomes necessary for
the present calculations to include the paring correlation
externally using the quasi-bound BCS approximation.

The decay process of proton emission can be viewed
as a simple quantum tunneling effect through a potential
barrier created by the emitted proton and daughter nucle-
us interaction. The daughter nucleus density is taken from
the E-RMF calculations, and the proton density is extrac-
ted from the experimental scattering data [50]. We con-
struct the nuclear potential for the daughter-emitter sys-
tem by folding the two densities with the help of the
double folding model [51]. The Coulomb and centrifugal
potential is then added to get the effective interaction po-
tential. As most proton emissions are likely to take place
from the orbitals with [+ 0, it become important to add
the centrifugal part. However, the centrifugal part is less
ambiguous for alpha or other exotic decays. The total in-
teraction potential is then the sum of the nuclear poten-
tial, Coulomb potential and centrifugal potential, repres-
ented as,

2
V(R) = VN(R)+ Vc(R) + h—l(l+ 1), 2)
2UR

where R is the separation between the center-of-mass of
the daughter nucleus and emitted proton, ¢ is the orbital
angular momentum of the emitted proton, and u is the re-
duced mass of the proton-daughter system. The nuclear
potential Vy(R) is obtained by double folding the daugh-
ter nucleus and emitted proton densities with the realistic
M3Y effective interaction, given by the equation,

VN(R) = fdrlfdrzpl(rl)pZ(VZ)VNN(rlz =R+r—-r1), 3)

where r; and r, are the respective position co-ordinates of
the emitted proton and daughter nucleus with respect to
their centers. p;(r;) and p,(r;) are the proton and daugh-
ter densities, respectively. Vyn(r12) is the effective nucle-
on-nucleon M3Y interaction.

The Coulomb potential is given by,

Ve(R) = Z,Zq4€* IR for R > R,

= (ZyZ4€*|2R,)

2
3—(;) ] for R<R., 4)

c

where Z, and Z; are the atomic numbers of the proton
and daughter nucleus, respectively. R, = 1.2(A1]/ 3 +A3/ 3)
is the touching radial separation between the proton and

daughter nucleus.

For the calculation of the proton emission half-life
(T12) we adopt the Wentzel-Karmers-Brillouin (WKB)
method. In this method, the penetration probability is giv-
en by,

P = exp[-2 f @[wm - 0,1'*dR]. (5)

0, is the Q value for proton emission, and the limits of
integration are the turning points where V(R=r) =
V(R =ry) = Q,. This means that the tunneling of the pro-
ton begins at r; and terminates at r,. In our calculations,
we used the preformed cluster model (PCM) of Gupta
and collaborators [52-54] , in which the decay constant is
given as,

A= P()V()P N (6)

where vy is the assault frequency with which the proton
hits the barrier. Since the proton is already present inside
the parent nucleus, the preformation probability Py is
taken to be 1. From Eq. (6), we get the proton emission
half-life as,

T1/2 = IHZ/VOP . (7)

2.1 Parameter sets

In the Walecka model, the nuclear interaction is un-
derstood through the nucleon-meson interaction. Due to
the absence of meson-meson coupling, the incompressib-
ility of the nuclear matter was found to be higher than the
experimental value of 210 + 30 MeV [55] , as the value
found from the Walecka model is = 550 MeV. It was then
attempted to include the self and cross coupling terms of
mesons. Boguta and Bodmer for the first time inserted the
self-coupling terms of o- meson, which brings the nuclear
incompressibility to the acceptable range of 211 MeV for
infinite nuclear matter at saturation [56-58]. In addition,
the inclusion of the non-linear self coupling of o meson
reproduces the repulsive part of the nucleon-nucleon
(NN) potential at long range, and also improves the finite
nuclear properties [59]. In spite of the successful contri-
bution of o~ meson in describing finite nuclear matter, the
equation-of-state (EOS) was still not described satisfact-
orily. However, inclusion of the self interaction term of
the vector meson w was found to describe the EOS re-
markably well [60, 61]. After inclusion of the non-linear
terms of the above two mesons, the saturation properties
of nuclei are very well understood. Furthermore, in the
studies of heavy nuclei for which N > Z, the inclusion of
additional meson interactions was found to be necessary.
This problem was overcame by Todd-Rutel and
Piekarewicz by introducing the cross coupling of w and p
mesons, which take care of the neutron skin thickness and
the radius of neutron stars [62]. Recently, a series of new
parameter sets, such as FSUGarnet, G3, IOPB-I are re-
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ported [24, 44, 45]. In these sets, additional interactions
of mesons, e.g. 6 meson, and higher order interactions of
various cross-couplings, are included for various reasons.
One remarkable property of these sets is the matching of
the results in EOS at the low density region of empirical
values. These sets also reproduce the neutron skin thick-
ness much better than the older ones [45].

In this context, we used four parameter sets, namely
NL3 [43], FSUGarnet [44], G3 [24] and IOPB-I [45] to
study the properties of proton emitters. Among them,
NL3 is the oldest, successful and popularly used paramet-
er set for describing many properties of finite nuclei in
the whole mass range. It includes only the self coupling
of o meson. The sets FSUGarnet and IOPB-I, on the oth-
er hand, include the additional self-coupling of w meson,
and the cross coupling of w and p mesons. They are suc-
cessful in reproducing the lower and upper limits of the
neutron star masses, i.e. M = 2.06 My and M = 2.15M,
respectively. The remaining set G3, along with all the
above interactions of different mesons, includes the con-
tribution of § meson. This set is quite successful in estim-
ating the mass and radius of neutron stars, and also de-
scribes the bulk properties of finite and infinite nuclear
matter.

3 Results and discussion

In this work, we considered the proton emitters from I
to Bi with Z =53 to 83 and N = 56 to 102 in their ground
state. Calculations were carried out assuming the proton
emitters to be spherical in shape. We used the E-RMF
formalism with the interactions NL3 [43], FSUGarnet
[44], G3 [24] and IOPB-I [45] for the analysis of the
ground state properties, such as the binding energy per
nucleon (B/A) and the neutron skin thickness (Ar,). The
decay half-life of the proton emitters was calculated in
the E-RMF environment using the WKB method for the
same four interactions. The experimental values were
taken for the Q value of the decay process [63]. Finally,
the calculated results for the half-life of proton emitters
were compared with the experimental values [64, 65] and
other theoretical studies [16, 18, 21]

3.1 Binding energy per nucleon

Binding energy per nucleon (B/A) is the measure of
cohesiveness of the individual nucleons. It varies with the
atomic mass number 4. B/A of proton emitters, assuming
a spherical shape of nuclei from Z = 53 - 83 and N =
56 - 102 , are given in Table 1 , columns 2 to 5 for NL3,
G3, FSUGarnet and IOPB-I interactions, respectively,
and columns 6 and 7 for PC-PK1 [66, 67] and the experi-
mental values [64]. From the tabulated values, we find
that the calculated results are quite close to PC-PK1 and
the experimental data. B/A of the considered elements lie

in the region of stability of the B/A curve near the iron
peak. Looking at the B/A values one may think that these
elements are stable, but this is not the case as they under-
go particle emission. Now, let us study the above scen-
ario in more detail. In the N-Z plane, the ideal case for ex-
istence of a nucleus is that it lies on the N = Z line.
However, beyond Z ~ 10, the number of neutrons in-
creases more rapidly than the number of protons in order
to compensate the Coulomb force between protons.
Hence, the stability curve tilts towards the neutron axis,
indicating the requirement of a larger number of neutrons
for the existence of these elements. For example, '%1 ,
considered in this work, has Z = 53 and N = 56, whereas
the stable isotopes of iodine require around 75 neutrons to
fully compensate the Coulomb force. In the present case,
56 neutrons are insufficient to hold the nucleons in the
most stable state. Hence, '%1 lies slightly away from the
B-stability line, i.e. in the proton drip line. In addition, the
nuclear force acting between the neutron-proton, proton-
proton and neutron-neutron is found to be repulsive in
their singlet-singlet or triplet-triplet configurations.
Hence, the outer protons, lying on the surface of the nuc-
leus, suffer from both the Coulomb and nuclear repulsive
forces. Moreover, due to the decrease in the strength of
the binding energy in the outer orbitals, the outer protons
are loosely bound. Hence, despite the large binding en-
ergy per nucleon, due to the above factors, the propor-
tionality between the neutron and proton arrangement
breaks down and the outer proton gets emitted.

3.2 Neutron skin thickness

When the proton and neutron distributions are not
symmetric inside the nucleus, the excess number of
particles smear out of the core of the nucleus, which we
call a skin. When the excess protons produce the skin, we
call this a proton skin, and similarly, when the skin is due
to excess neutrons, we call it a neutron skin. The neutron
skin thickness is usually defined as Ar,, = r, —r,,, where r,
and r, stand for radial distributions of neutrons and pro-
tons, respectively. Columns 8 to 11 in Table 1 give the
neutron skin thicknesses of proton emitters in their
ground state obtained from the spherical E-RMF formal-
ism, while column 12 gives the PC-PK1 results for com-
parison. From the table we see that the Ar, values from
the theoretical calculations are quite comparable. We ob-
serve that almost all elements have negative values of
Ar,,, which means that r, is larger than r,. But, if we look
at the number of protons and neutrons, all elements have
more neutrons than protons. We are also aware of the fact
that for the physical existence of a heavy nucleus, the
number of neutrons should be larger than the number of
protons, in order to compensate the repulsive Coulomb
force between protons. Although proton emitters have
more neutrons than protons, their radial distribution r, is
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Table 1. The binding energy per nucleon (B/A) in MeV and the skin thickness (A7},) in fm are shown for proton emitters using the parameter sets NL3,
FSUGarnet, G3 and IOPB-I. The experimental data for B/A [64] and the theoretical data [67] using PC-PK1 [66] are also shown for validation of our

results.
B/A Ary
nucleus
NL3  FSUGamet G3 IOPB-I  PC-PKI[67]  Expt. [64] NL3 FSUGarnet G3 IOPB-I  PC-PKI [67]
191 8.190 8.173 8.161  8.177 8.16 8.220 —0.0362 —0.0532 —0.0471  —0.0467 -0.031
12¢s 8071 8.049 8.032  8.059 8.100 —0.0533 —0.0653 -0.0630  —0.0611
13Cs 8116 8.096 8.070  8.106 8.06 8.1481 —0.0417 -0.0568 -0.0515  —0.0511 -0.037
Wla  8.035 8.012 7.994  8.024 8.088 —0.0366 -0.0501 -0.0533  —0.0447
Bu  7.894 7.879 7.881  7.887 7.89 7.995 -0.0275 -0.0560 —0.0483  —0.0450 -0.03
¥Ho  7.832 7.821 7.823  7.824 7.906 —0.0254  —0.0537  —0.0485 —0.0426
“Ho 7.871 7.861 7.863  7.862 7.87 7.943 -0.0133 —0.0442 -0.0396 —0.0316 -0.016
Tm  7.796 7.785 7.786  7.785 —0.0299  —0.0567  —0.0537 —0.0473
45Tm  7.838 7.829 7.828  7.826 7.83 7.891 -0.0185 -0.0479 —0.0450  —0.0360 -0.02
¥Tm  7.879 7.872 7.868  7.866 7.87 7913 —0.0075 -0.0396 -0.0367 —0.0261 —0.009
W' Tm  7.919 7.915 7.907  7.907 7.91 7.951 0.0028 -0.0325 -0.0288  —0.0176 0.002
0Ly 7.822 7.856 7.842  7.845 7.84 7.867 -0.0025 —0.0447 -0.0417 —0.0314 -0.012
BlLa  7.864 7.902 7.883  7.888 7.88 7.903 0.0061 -0.0376 -0.0341  —0.0230 -0.004
15%Ta  7.852 7.882 7.862  7.867 7.86 7.856 -0.0008 -0.0438 -0.0393  —0.0291 -0.008
130T 7.895 7.892 7.873  7.877 7.87 7.871 0.0011 -0.0360 -0.0303  —0.0199 0.001
37Ta  7.905 7.901 7.884  7.887 7.88 7.896 0.0106 -0.0289 -0.0216 —0.0113 0.011
'%Re  7.830 7.824 7.803  7.810 7.8 7.809 —0.0046 —0.0402 -0.0318  —0.0245 -0.004
SiRe  7.844 7.838 7817 7.824 7.82 7.836 0.0038 —0.0342 -0.0239  —0.0170 0.007
%1 7.777 7.768 7742 7.755 7.73 7.748 -0.0103 —0.0442 -0.0335  —0.0292 -0.008
191 7.795 7.787 7759 1.774 7.76 7.777 -0.0025 —0.0387 -0.0261  —0.0225 0.002
1% 7.812 7.805 7775 7992 7.76 7.866 0.0049 —0.0335 -0.0190  —0.0161 0.008
7 7.830 7.824 7.791  7.810 7.79 7.812 0.0121 —0.0285 -0.0123  —0.0101 0.017
WAu 7772 7.763 7726 7.752 7.71 7.729 0.0013 —0.0354 -0.0207  —0.0192 0.005
ToAu 7792 7.784 7744  7.773 7.74 7.754 0.0084 -0.0307 -0.0146  —0.0133 0.013
76T 7750 7.741 7710 7.730 7.7 7.708 0.0233 -0.0189 —0.0046  —0.0001 0.019
T 7.762 7.755 7725 7742 7.72 7.732 0.0336 -0.0114 0.0028  0.0089 0.028
BB 7.743 7.739 7718 7725 7.71 7.732 0.0706 0.0146 0.0280  0.0405 0.051

less than r,. This is due to the fact that all neutrons are in-
volved in the compensation of the Coulomb force
between protons, and, moreover, due to the strong neut-
ron(n)-proton(p) interaction, they form a tightly bound np
core of the nucleus. Still, the number of neutrons is insuf-
ficient to fully compensate the Coulomb force, as a result
of which some protons are repelled outwards (towards the
surface of the nucleus), forming a very thin proton skin,
as observed from the tabulated values. Due to the small
value of Ar,, we cannot exactly say that it as a proton
skin, rather we can say that these are protons which lie
outside the core and on the surface of the nucleus. In this
situation, these protons are very loosely bound and they
become more prone to be emitted. From Table 1, we can

see that for most elements, Ar, is negative for all four
parameter sets. However, around 12 cases with different
(Z, N) combinations for NL3, only one combination (83,
102) for all parameter sets, and (81, 96) combination for
all except the FSUGarnet set, and similarly for PC-PK1
for 8 such cases, have a value of Ar, that is positive but
around zero, which does not mean that it is a neutron
skin.

3.3 Effective potential

Fig. 1 shows the daughter nucleus-proton optical po-
tential, defined in Eq. (2), for '7'Au, 'Re, '3Cs, 45Tm
proton emitters having orbital values of £ =0, 2, 3 and 4,
respectively, as determined in this study, which will be
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Fig. 1.

(color online) (a) The total effective optical potential V(R) as a function of radius R. (b) The hump portion of (a) is zoomed in

order to show the potential barrier height Vy and the turning points r; and r» for 171 Au, 199Re, 113Cs and 145Tm nuclei with NL3,

FSUGarnet, G3 and IOPB-I interactions in E-RMF.

discussed in the following subsection. The total effective
optical potential is the combination of the nucleus-proton,
Coulomb and centrifugal potentials, which have short,
long and medium range, respectively. Fig. 1(a) shows the
variation of the optical potential as we move away from
the center. Due to the absence of the centrifugal potential
for ¢ = 0, the potential for ' Au starts from a negative
value and then rises towards positive values, whereas all
other potentials, for £ =2, 3 and 4 , show the same nature,
starting from a high positive value, decreasing towards
negative values, and then increasing again to positive val-
ues, thus forming a deep potential well. All potential
shapes have a hump, which manifests as a potential barri-
er. The hump portion of Fig. 1(a) is zoomed in Fig. 1(b)
in order to show the height of the potential barrier and the
turning points more clearly. The black solid straight hori-
zontal line in Fig. 1(b) is the Q value of the decay pro-
cess. The point where Qg cuts the V(R) curve is known as
a turning point. For all cases, except £ =0, we get three
turning points marked as ry, r; and r,. Near the center of
the nucleus, the centrifugal potential dominates over the
nuclear and Coulomb potentials. Hence, the turning point
ro 1s mainly due to the centrifugal potential, the turning
point r; is due to the contribution from all three poten-
tials, whereas at the turning point r,, only the Coulomb

and centrifugal potentials are effective as the nuclear po-
tential is negligibly small. The potential for £ =0 yields
only two turning points, r; and r,. Here, we can say that
with increasing ¢, the oscillation of the interacting
particles increases, and hence, we get a larger number of
turning points for larger ¢.

The proton is considered to assault the potential
between the turning points r; and r,. The curve from r; to
rp is defined as the barrier for the emitting particle, and
the area under this curve is a measure of the probability
of penetration of the effective optical potential. The pro-
cess of tunneling of the proton through the barrier helps
to determine the half-life of a proton emitter. The turning
points r; and r, and the potential barrier height V; of the
proton emitter using the WKB approximation is noted in
Table 2 for all parameter sets considered in this paper.

3.4 Proton decay

In Table 3, the half-lives of proton emitters are calcu-
lated using the spherical E-RMF approach for the four
sets of parameters and compared with the experimental
data [64, 65] and other theoretical studies [16, 18, 21] for
Z =53 t0 83 and N = 56 to 102. The experimental Q val-
ues are taken from ref. [63]. Our results for all parameter
sets show good agreement with the experimental data, as
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Table 2.

The turning points (rjand r,) and the potential barrier height Vj calculated from the WKB approximation for spherical proton emitters from

Z =53 to 83 and N = 56 to 102 using the parameter sets NL3, FSUGarnet, G3 and IOPB-I.

NL3 FSUGarnet G3 IOPB-I
nucleus
r rn Vo r rn Vo r rn Vo r rn Vo
121 93.1 6.14 9.40 93.1 6.16  9.42 93.1 6.14 937 93.1 645 879
12Cs 97.4 6.13 9.65 97.4 6.13 9.71 97.4 6.13 9.62 97.4 6.44 9.18
113Cs 83.1 5.82 11.38 83.1 5.83 11.45 83.1 578 1135 83.1 6.18  10.83
la 98.6 5.79 11.62 98.6 5.82 11.69 98.6 5.77 11.58 98.6 6.36 10.95
131 Eu 94.3 5.77 12.38 94.3 5.78 12.46 94.3 5.78 12.32 94.3 5.98 12.0
140Ho 86.75 5.79 12.91 86.75 582 1298 86.75 572 12.84 86.75 592 1267
14 Ho 84.7 5.82 12.88 84.7 584 1295 84.7 580 1281 84.7 595 1265
14 Tm 60.6 5.40 15.68 60.6 545 1575 60.6 537 1562 60.6 553 1545
145Tm 59.68 5.43 15.65 59.7 545 1571 59.7 536 15.62 59.68 555 1539
4Tm 104.9 6.44 9.79 105.1 6.45 9.84 105.1 6.43 9.75 105.1 6.49 9.63
4 Tm 96.8 5.36 15.56 96.8 545 1562 96.8 535 1554 96.8 553 1531
130Lu 77.4 5.43 15.85 77.4 5.46 15.89 77.4 5.35 15.84 77.4 5.52 15.63
Ly 84.8 5.42 15.81 84.8 546 1585 84.8 535 1582 84.8 5.51 15.60
133Ta 75.4 6.33 10.83 75.4 6.36 10.89 75.4 6.33 10.79 75.4 6.39 10.67
130Ta 95.1 5.84 13.62 95.1 586  13.70 95.10 5.81 13.59 95.1 589  13.44
31Ta 111.10 6.42 10.29 111.10 6.45 1034 111.10 639 1025 111.10 6.47  10.12
1%0Re 76.65 6.14 12.15 76.65 6.16 1220 76.65 6.13 1213 76.65 6.13 1220
1iRe 88.6 6.42 10.54 88.6 6.45 10.59 88.6 6.38 10.51 88.6 6.42 10.57
1641y 73.25 5.85 14.15 73.25 586 1417 73.25 582 14.16 73.25 585 1452
191r 72.7 6.41 10.803 72.7 6.45  10.84 72.7 6.40  10.77 72.7 642 1093
1661 97.6 6.40 10.78 97.6 6.43 1082 97.6 6.36  10.76 97.6 6.41 10.81
171r 102.4 6.39 10.76 102.4 6.44  10.80 102.4 636 10.74 102.4 6.40  10.79
170 Au 80.45 6.31 11.05 80.45 6.41 11.10 80.45 6.33 11.03 80.45 6.39  11.08
175 Au 77.6 6.40 11.04 77.6 6.44 11.08 77.6 6.37 11.01 77.6 6.41 11.07
176T] 92.0 6.33 11.38 92.0 6.38 1141 92.0 632 1135 92.0 6.35 1142
1771 99.4 6.33 11.39 99.4 6.36 11.42 99.4 6.35 11.35 99.4 6.35 11.44
18 Bi 73.7 6.35 11.85 73.7 6.36 11.84 73.7 6.33 11.78 73.7 6.34 11.91

well as with the other theoretical results. A further in-
spection of the tabulated values reveals that, except for a
few cases, the present calculation gives better results than
other studies. To improve our understanding, let us con-
sider the case of the PC-PK1 parameter set where, except
for three nuclei “5Tm, *°Lu and 176T] , our calculations
show better agreement with the experimental data than
the PC-PK1 results. However, for elements >’Ta and
17771 our calculations show a little deviation. The calcu-
lated logT'» for the above two nuclei are positive quantit-
ies whereas the experimental data are negative. But, if we
consider the T/, values, the calculated and experimental
results are comparable. For example, for 137Ta, logT), is
0.582, 0.580, 0.613, 0.550, —0.523 sec and the Ty, val-
ues are 3.824, 3.804, 4.103, 3.545, 0.3 sec for NL3,

FSUGarnet, G3, IOPB-I and experiment, respectively.
From the above, we can say that, although the logT, val-
ues for calculated and experimental data have different
sign, the positive value of T, implies good agreement of
our results with the data for the above two elements. For
suitable values of the orbital angular momentum ¢, all
four parameter sets give good agreement with the experi-
mental data, The best set of parameters for the study of
proton emission can be obtained by calculating the mean
deviation from the experimental results. In this sense, the
mean deviation of NL3, FSUGarnet, G3 and IOPB-I was
found to be 0.0091, 0.0083, 0.0107 and 0.0068, respect-
ively. Hence, the recent parameter set IOPB-I is found to
be more efficient than the other parameter sets. For many
cases, our ¢ values do not match the ¢ values in the other
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Table 3.

The logarithmic half-lives of proton emitters in their ground state for the parameter sets NL3 [43], FSUGarnet [44], G3 [24] and IOPB-I [45].

The experimental Q values are taken from Ref. [63]. Our results are compared with the experimental data taken from ref. [64, 65] and with the results

of [16, 18, 21]. £represents the orbital angular momentum of the emitting proton.

logy7'1/2(s)

log;y7'1/2(s)

parent nuclei 4 Expt. log;(T1/2
NL3  FSUGarnet G3 I0PB-I M3Y [18] R3Y[18] PC-PK1[21] PCM[16]
gl 2 40408 -40245 40121 42594 02"  -5627  -5897 -4.441 —3.987
12Cs 2 -31708 31622 -3.1733 33773 2 —2.857 —3.555 —3.638 -3.301
13Cs 3 -44984 42479 42217 44984 2 -5236  —5.803 -5.759 —4.777
1La 3 -1.7641  -1.7838  -1.7577 21114 2 -1.943 2504 -1.628
31 Bu 3 -1.5383 15060  —1.4932 -1.6645 2 2097 2764 -1.749
140Ho 30 -2.6923 21697 21775 22611 2 -1.374 2132 -2.221
14 Ho 3 25046 —2.5020  -2.5112 -25878 3 —2.487 —3.298 —2.387
S Tm 4 54711 54747 54393 55598 3 -5.315 —5.5686
145Tm 4 57857  —5.6670  —5.6266 57498 5 -3415  —4.698 -5.512 -5.170 ~5.409
145Tm 0 -0.8797 -0.8776 -0.882  —0.9479 5 3.384 1.945 —0.887 -1.096
4 Tm 4 07644 0.7243 0.7808  0.6372 5 4.191 2.775 0.783 1.095 0.591
0Ly 4 -21927 22074 -2.14770 22769 5 1.754 0.360 -1.053 —0.859 -1.180
Ly 4 09312 09486  -0.8823 -1.0160 5 2.089 0.694 -0.753 -0.573 ~0.896
133Ta 1 47255 47285  —4.7259 47627 5 -2.907 —4.238 -2.279 ~4.637 ~4.921
130Ta 3 -01262  —1.1383 01200 -1.1794 2 ~0.138 ~0.80 ~0.469 ~0.461 ~0.620
137Ta 0 05824  0.5802 0.6130  0.5496 0 0469  —0.982 -0.048 —0.126 -0.523
199Re 2 37384 37719 37615 -3.7598 2 2947  -3.602 ~1.0409 -3.109 ~3.046
16iRe 0 —24666  —25718  -2.5301 -25599 0 -3.577 ~4.089 -3.0731 -3.231 —3.432
1649y 3 33824 34087 33649 33584 5 ~2.491 ~3.780 ~4.193 ~3.959
19%Tr 0 —5.0386 —5.0556  —5.0046 —5.038 0 —6.453 —6.848 —6.0
1667 0 —0.8345  —08710  —0.8156 —0.8588 2 ~0.891 ~1.545 -0.976 ~1.160 ~0.824
171r 0 01153  -0.1519  -0.1412 -0.1392 0 -1.28 -1.798 -0.919 -0.943 -0.959
170 Au 0 —3.4097 -3.4465  -33968 -3.4085 2 -3.771 —3.49349
171 Au 0 —3.9480 39539  -3.9064 -3.3944 0 -5.122 —5.641 —4.581 —4.794 —4.770
17671 0 -L1813  -1.1932  -1.1784 -11781 0 -2.058 —2.2839
1771 0 001315 —0.0209  0.01350 0.0167 0 -1364  -1.925 -0.786 -0.993 -1.174
18Bi 0 —4.1324 41450  -4.1363 41271 0 ~5.557 -6.179 -5.237 ~5.184 ~4.229

* {=0, 2 corresponds to the results from [18] and [21] respectively.

theoretical studies, shown in column 7. However, instead
of focusing on the ¢ values, emphasis should be given to
the T, values, which should agree well with the experi-
mental data, and the corresponding orbitals should be
taken as suitable for the proton emission to occur. Half-
lives range from 0.01 sec to 5.7 sec, as estimated mainly
from the orbital angular momentum ¢ and the Q value.
The sensitivity of the half-life to the £ values is shown
in Fig. 2 for 7' Au, '°Re, ''3Cs and 45Tm , as represent-
ative cases. For all parameter sets, as the value of ¢ in-
creases the life-time of the proton emitter increases. This
gives a clue that a proton from the £ = 0 orbit has a larger
probability for emission. But, due to many other nuclear

properties, such as the proton separation energy, chemic-
al potential, depth of the potential well etc., the outgoing
proton is emitted from the orbit most favorable for all
nuclear properties. Hence, we may get optimistic inform-
ation on the shell structure of the proton emitter. In Fig.
2, unfilled symbols are the theoretical results and the sol-
id symbols are the experimental data. For nuclei '"'Au
and '®Re , with reported ¢ values of ¢ = 0,2, respectively,
the experimental and theoretical values show good agree-
ment. For nuclei ''3Cs and 145Tm, the experimental half-
lives are shown for two ¢ values, one for the ¢ value re-
ported in the previous works [15-18, 21], and the other
for the ¢ value reported in the present study. The square
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Fig. 2. (color online) The sensitivity of the logarithmic half-

life to the orbital angular momentum ¢ for 171 Ay, 160Re,
3¢, 1451y nuclei with NL3, FSUGarnet, G3 and IOPB-I
interactions in E-RMF.

symbols with a red line (online) show the variation of the
logarithmic half-life (log7,;) with ¢ for 145Tm. The ex-
perimental value of log7,,, is represented by filled
squares. We found that the half-life for the estimated
value of the orbital angular momentum in this study, i.e.
¢ =4, shows better agreement than ¢ = 5, reported in pre-
vious works. Similarly, circle symbols with a black line
(online) show the variation of logT,, with ¢ for !13Cs.
The values ¢ = 2 and 3 are respectively for the previous
and present works. Here, however, the experimental half-
lives are closer to the calculated results for both £ =2 and 3.

The agreement of the calculated and experimental
half-lives is more clearly seen in Fig. 3, where the ratio of

the calculated half-live (logTié;l2

(logTT’;g) is shown as a function of the mass number A.

We observe that the maximum points are around

logT'{%, o .
——p ~ 1 , which illustrates the high degree of agree-
logT, 1

) to the experimental one

_
o
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Fig. 3. (color online) Ratio of the calculated to the experi-

cal
1/2

op | asa function of the mass num-

mental half-life

1/2
ber A for proton emitteés from Z = 53 to 83 and N = 56 to
102 using NL3, FSUGarnet, G3 and IOPB-I interactions in
E-RMF.

ment between the experimental data and the theoretical
results. However, there are some data points which devi-
ate from this line, among which *’Ta , which has a max-
imum deviation, as can also be seen in Table 3. The reas-
on behind the deviation is that we have assumed that all
proton emitters are spherical in shape, which may not ex-
actly be the case, as some of them are in reality moder-
ately deformed.

Summarizing briefly the above results, we found that
the considered proton emitters lie around the maximum
of the curve of the binding energy per nucleon B/A. Due
to the insufficient number of neutrons, the proportional-
ity between protons and neutrons breaks down, and a pro-
ton gets emitted. From the asymmetrical distribution of
protons and neutrons, the radial distribution of protons
(rp) is found to be greater than the radial distribution of
neutrons (r,), but due to the small thickness of aggreg-
ated protons in the outer part of the nucleus, we cannot
call it a proton skin. The outer protons feel the repulsive
Coulomb force, as well as the singlet-singlet or triplet-
triplet repulsive proton-proton nuclear force. Also, due to
the decrease in the strength of the binding energy for out-
er orbitals, these protons are found to be loosely bound.
Therefore, they undergo emission.

The proton decay process was studied using the WKB
barrier penetration method. We found that the potential is
highly sensitive to the orbital angular momentum ¢. With
an increase of ¢ the half-life also increases. Hence, the re-
ported values of ¢ are chosen such that the calculated
half-life agrees with the experimental data. Our calcu-
lated results show good agreement with the experimental
data [64, 65] and other theoretical studies [16, 18, 21].

4 Summary and conclusion

Summarizing the context, we studied the nuclear
properties of proton emitters from I to Bi with Z =53 to
83 and N = 56 to 102 in their ground state based on the
spherical effective relativistic mean-field (E-RMF) form-
alism with NL3, FSUGarnet, G3 and IOPB-I interactions.
The binding energy per nucleon B/A tells us about the
strength of binding between nucleons, which is found to
be maximum around the iron peak in the general B/A
curve. For the stable configuration of the nucleus, more
neutrons are required than protons in order to com-
pensate the repulsive Coulomb and singlet-singlet or
triplet-triplet repulsive nuclear force. Due to inadequate
number of neutrons, the shape harmony between protons
and neutrons breaks down, making the nucleus unstable.
The negative value of the neutron skin thickness
(Ar, = r,—rp) indicates that the radial distribution of pro-
tons (r,) is greater than that of neutrons (7). For the com-
pensation of Coulomb force between protons, all neut-
rons are accommodated among protons forming the
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tightly bound singlet-triplet attractive np-core. The re-
maining loosely bound protons, which are not involved in
the compensation process, remain in the outer surface of
the nucleus and can readily undergo emission. These pro-
tons form a very thin layer on the surface of the nucleus.
Due to the small thickness of this layer it will be falla-
cious to say that it is a proton skin. The experimental Q
values [63] are taken for calculating the proton decay
half-life using the WKB method, where the effective po-
tential is constructed by adding the contributions from the
nuclear, Coulomb and centrifugal potentials. For the nuc-
lear potential, we have used the double folding model
with the realistic M3Y nucleon-nucleon interaction. The
results for the half-life for all four interactions (NL3,
FSUGarnet, G3 and IOPB-I) with the above approach
show very good agreement with the experimental data.
Except in a few cases, our study gives better results than
other theoretical studies [16, 18, 21]. It was noted that, on
average, the half-lives of proton emitters are highly sus-

ceptible to the orbital angular momentum (¢) carried by
the emitted proton. An increase of the ¢ value increases
the half-life log7;,,. However, the emission of a proton
occurs from the orbital which is favorable from all points
of view, including B/A, charge distribution, proton separ-
ation energy, chemical potential, etc. The ¢ values repor-
ted in our work are chosen such that the calculated half-
lives agree with the experimental ones. Hence, our study
helps to position the boundary of the nuclear landscape
on the proton side. It also helps to analyze the shell struc-
ture of the proton rich nuclei and collect valuable inform-
ation on the nuclear forces in the drip-line region.
Moreover, the emission of a proton from the ground state
gives a hindrance for the existence of more exotic nuclei.

The authors thank Dr. Bharat Kumar for fruitful dis-
cussions and acknowledge Institute of Physics (IOP),
Bhubaneswar for providing the necessary computer facil-
ities.
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