‘ HayuHo-TexHMueckmne seaomoctn CIermny. dmsmko-maremarnyeckmne Hayku. 10(4) 2017 >

DOI: 10.18721/JPM.10411
UDC 539.125

N = 28 ISOTONES: SHAPE COEXISTENCE TOWARDS PROTON
DEFICIENT SIDE

G. Saxena', M. Kaushik?

'Government Women Engineering College, Ajmer, India;
2Shankara Institute of Technology, Jaipur, India

We have employed the RMF+BCS (relativistic mean-field plus BCS) approach to
study the phenomenon of shape coexistence in N = 28 isotones towards the proton-
deficient side. Our present investigations include single particle energies, deformations,
binding energies as well as excitation energies. It is found that towards the proton-
deficient side, N = 28 shell closure disappears due to reduced gap between neutron
7 ” and 'f, ” and the nuclei Mg, +*Si, and “S are found to possess shape coexistence,
giving further support to weakening of the shell gap. These results are found to be in
excellent agreement with other theoretical and experimental studies and are fortified
with a variety of calculations and parameters.
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COCYWECTBOBAHUE ®OPM AAEP U3OTOHOB,
MMEIOLLUX 28 HEUTPOHOB U AEDPULLUT MPOTOHOB

I Cakcena', M. Kaywuk?

'MpaBUTENbCTBEHHbIN XXEHCKMIM MHIXKEHEPHbIN Konneax, r. Ao>xmep, NMHaus;

2TexHonornueckum MHCTUTYT LWankapsl, r. Ixannyp, Nuans

B paGote TeopeTMuecKM M3y4eHO SIBJICHUE COCYLIECTBOBAHUS (HOPM siiep M30-
TOHOB (HYKJIMIbI, UMEIOLIME OJMHAKOBOE KOJMYECTBO HEUTPOHOB B siape, N = 28
B JaHHOM CJIydae, HO pa3HOE KOJIMYECTBO IIPOTOHOB) IIPM YCJIOBUM IPOTOHHOIO
neduuuta. B pacuetax ucnonw3oBaHo npubamkeHne RMF + BCS (pengaruBuctckas
MofeJib cpenHero mnojist tioc teopusi bapauna — Kynepa — lpuddepa (BKII)).
PaccmoTpeHbl 3HEprUM OAMHOYHBIX YacTUIl, AedopMalii, SHEpPreThKa CBsI3E, a
TaKKe 9HEPruu BO30YKIEeHUsI. YCTAHOBIEHO, UTO 3all0JIHEHUE DHEPreTUIECKOoil 000-
JIOUKH siipa, COCTOsIIe 13 28 HEWTPOHOB, HapyIIaeTCsl BBUIY IPOTOHHOTO aedu-
LIUTA, BCJEACTBUE YMEHBIICHUS DHEPIeTUYECKONM Pa3HOCTU MEXIY HEHTPOHHBLIMU
COCTOSTHUSIMU 'f; , 11 ' - Takxke ycTaHOBJICHO, YTO sipa “Mg, “Si u “S obnamaroT
cocyllecTBOBaHUEM (OPM, MPUBOISILMM K JajlbHEHIIEMY YMEHBIICHUIO YKa3aH-
HOI DHEPreTUYeCcKOi Pa3HOCTU B OOOJIOYKE SIApa. YCTAaHOBJEHO, YTO TOJYyYCHHbIE
pe3yJibTaTbl HAXOISITCS B MPEKPACHOM COOTBETCTBUM C JAAaHHBIMU APYTUX TEOPETHU-
YECKMX U IKCIEPUMEHTAIbHBIX MCCICA0BAHMI M MOAKPEILIEHBI PSIOM PAacyeTOB U
COOTBETCTBYIOLIMMHU 3HAYEHUSIMU ITaPAMETPOB.

KitoueBbie cj1oBa: Marnyeckoe siapo; pesiaTUBUCTCKAsI MOIeb cpeaHero moss mntoc Teopust BKII; co-
cyluecTBoBaHue (hOPM; 3aI0IHEHUE 000JI0UKHU

Ccpuika npu mutupoBanun: Cakcena I'., Kaymuk M. CocyuiectBoBaHue ¢hopm siiep M30TOHOB, UMe-
o1mx 28 HEeWTpoHOB M Jeduuut nporoHoB // HayuHo-texHuuyeckue Bemomoctu CIIGITTY. ®dusmko-
maremarndeckue Hayku. 2017. T. 10. Ne 4. C. 134—142. DOI: 10.18721/JPM.10411
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1. Introduction

The evolution of ground-state shapes in
an isotopic or an isotonic chain is governed
by changes of the shell structure of a single-
nucleon orbital. In recent past, evolution of shell
structure guiding shape coexistence has been
observed in the N = 20 and N = 28 isotones
around the proton drip-line [1 — 4]. In a more
general manner, the major structural features
along the isotonic and isotopic chains around
the spherical magic numbers 8, 20, 28, 50, 82,
and 126 were reviewed by Sorlin et al. [5] using
evolution of the binding energies, trends of first
collective states and characterization of single-
particle states. A number of experimental
investigations have shown [3, 6] that in the
proton-deficient N = 28 isotones below “Ca
the spherical shell gap progressively reduces
and the low-energy spectra of “Ar, “S, and “’Si
display evidence of ground-state deformation
and shape coexistence.

Theoretical treatment of evolution of shell
closure has been successfully described using
mean-field theories [7 — 9] and with their
relativistic counterparts [10 — 15]. The main
advantage of the RMF + BCS (Relativistic
Mean-Field plus Bardeen — Cooper -—
Schrieffer theory) approach is that it provides
the spin-orbit interaction in the entire mass
region in a natural way [10 — 12]. This indeed
has proved to be very crucial for the study of
nuclei near the drip-line. As nuclei move away
from stability and approach the drip-lines,
the corresponding Fermi surface gets closer
to zero energy at the continuum threshold.
A significant number of the available single-
particle states then form part of the continuum.
Indeed, the RMF + BCS scheme [11, 14] yields
results which are in close agreement with the
experimental data and with those of continuum
relativistic Hartree — Bogoliubov (RCHB) and
other similar mean-field calculations [15].
Recently, deformed relativistic Hartree —
Bogoliubov (RHB) theory in continuum has
been developed aiming at a proper description
of exotic nuclei, particularly for #Mg [16].
Moreover, development of the covariant density
functional theory in continuum has been
introduced for the description of neutron halo
phenomena in medium heavy and heavy nuclei,

including the relativistic continuum Hartree —
Bogoliubov theory, the relativistic Hartree —
Fock — Bogoliubov theory in continuum and
the deformed relativistic Hartree — Bogoliubov
theory in continuum [17].

In recent past, the RMF approach
has successfully investigated two-proton
radioactivity [18], weakly bound drip-line
nuclei [19] and magicity [20]. More recently,
relativistic mean field study has extensively
used to describe actinides and superheavy
nuclei within covariant density functional
theory [21], to calculate decay rates of various
proton emitters [22], to study bubble structure
[23], to analyze effects of particle-number
fluctuation degree of freedom on symmetric
and asymmetric spontaneous fission [24] and
to calculate neutron capture cross-sections in
nuclei near the N = 82 shell closure [25].

In this paper, we have investigated the
shape coexistence phenomenon for proton
deficient N = 28 isotones using the relativistic
mean-field (RMF) plus BCS approach
[18 — 20].

2. Relativistic mean-field model

Our RMF calculations have been carried
out using the Lagrangian density model with
nonlinear terms both for the ¢ and ® mesons
along with the TMA parametrization as de-
scribed in detail in Refs. [12, 14, 18]:

L=y, - M]\y-i-%aucé“c - %mﬁcz -
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where the field tensors H, G and F for the
vector fields are defined by

HHV = 6uc0v - 6Vcou,

abc b _c

Gy, = 0,py — 0,p, — 28, p.pys

F,=0,4,-0,4,

and other symbols have their usual meaning.
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Based on the single-particle spectrum cal-
culated by the RMF described above, we per-
form state dependent BCS calculations [26,
27]. The continuum is replaced by a set of pos-
itive energy states generated by enclosing the
nucleus in a spherical box. Thus, the gap equa-
tions have the standard form for all the single
particle states, i.e.,

A 1 b
/ 2 25, +1
(G0 V] (3)07) @)

2

W G, =) A,

where € j, are the single particle energies, and A
is the Fermi energy, whereas the particle num-
ber condition is given by

Zj(2j+1)v§ =N.

In the calculations we use for the pairing
interaction a delta-force, ie., V =—=V,d(r)
with the same strength V, = 350 MeV/(fm)* for
both protons and neutrons [14].

Apart from its simplicity, the applicabil-
ity and justification of using such a §-function
form of interaction was discussed in Ref. [28],
where it was shown in the context of HFB cal-
culations that the use of a delta-force in a finite
space simulates the effect of finite range in-
teraction in a phenomenological manner. The
pairing matrix element for the §-function force
is given by

N2/ +14,,

(GO V](j3)07) =

(3)
_ _;f_gtJ(zjl D@ + Dy

where [, is the radial integral having the form
1 - -
IR - J-drr_2(Gj1 sz + F.‘il vaz )2' (4)

Here G, and F, denote the radial wave
functions for the upper and lower components,
respectively, of the nucleon wave function
expressed as

1 iG&Y‘alumo.
v, = [ g J (5)

r FOLG N I‘Yja 1(1 m,
and satisfy the normalization condition

136

[arG,] +|E[y =1. (6)

In Eq. (5) the symbol Ig,m is used for the
standard spinor spherical harmonics with the
phase . The coupled field equations obtained
from the Lagrangian density in Eq. (1) are fi-
nally reduced to a set of simple radial equations
which are solved self-consistently along with
the equations for the state dependent pairing
gap A, and the total particle number N for a
given nucleus.

The relativistic mean field description was
extended for the deformed nuclei of axially
symmetric shapes by Gambhir, Ring and their
collaborators [11] using an expansion method.
The treatment of pairing was carried out in
Ref. [29] using state dependent BCS method
as given in Ref. [18] for the spherical case. For
axially deformed nuclei the rotational symme-
try is no more valid and the total angular mo-
mentum j is no longer a good quantum num-
ber. Nevertheless, the various densities still are
invariant with respect to a rotation around the
symmetry axis. Here we took the symmetry axis
to be the z-axis. Following Gambhir et al. [11],
it was then convenient to employ the cylindri-
cal coordinates

X = r.cose, y = rsing and z. (7)

The spinor vy, with the index i is now la-
beled by the quantum numbers Q;, n; and f,
where Q; is the eigenvalue of the symmetry
operator jz,v (the projection of j, on the z-axis),
n; indicates the parity and 7 has been used for
the isospin.

In terms of these quantum numbers, the
spinor can now be expressed in the following
form:

_(fi(0)
Wi(rs t) - [lg, (F)J
fl‘.+ (Z, rL) ei(Qi—l/Z)q} (8)
L fl"—(z, ’,.l) ei(Qi+l/2)q>

2z | g (z, ) 10

ig-(z,7,) e (i+1/ Do
i b}

%, (7).

Here the four components f(r, z) and g
(r,, z) obey the Dirac equations.
For the axially symmetric case the spinors
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f,(r,, z) and g (r, z) are expanded in terms of
the eigenfunctions of a deformed axially sym-
metric oscillator potential as described in Refs.
[11, 29]. The pairing gap A, satisfies the gap
equation

1 Vi |Ak’|

Ak = = .
255 Jep —0)? + AL

)

Here the symbols ¢,, and A denote the
single particle and Fermi energy, whereas the
pairing matrix element V,, for the symmetrical-
ly deformed case using the zero-range &-force
is given by

= (VA7) - (7 17) -
= Vo[ @rivivivivt —wivivlviLan

For further details of these formulations we
refer the reader to Refs. [11, 18, 29]. In addi-
tion, to get a more detailed picture of deforma-
tion in various other theories readers may refer
to deformed relativistic Hartree — Bogoliubov
(RHB) theory in continuum [16], deformed
relativistic Hartree — Bogoliubov (DRHB) the-
ory [30] and multidimensionally-constrained
relativistic mean field (MDC-RMF) theory
[31, 32].

(10)

3. Results and discussion

The binding energy maps exhibit variety
of rapidly evolving shapes after successive
removals of proton pairs towards the drip-line
of N = 28 isotones. This variation of binding
energy is shown in Fig. 1 with respect to the
quadrupole deformation parameter f,, for
N = 28 isotones. As established and expected,
we found a spherical configuration of doubly-
magic “Ca with one sharp minimum at f,,, = 0.
Towards the proton-rich side we have also
found a spherical configuration for Ti (see
Fig. 1). By removing a pair of protons from
#Ca, the energy surface of the corresponding
isotone “Ar becomes soft with a shallow
extended minimum along the oblate axis (shown
in upper right panel). After another removal
of a proton pair we obtained a coexistence of
prolate and oblate minima at f,, = 0.38 and
—0.26 respectively for the nucleus S as can
be observed from the upper left panel of Fig.
1. These two minima are separated only by an
excitation energy of 0.77 MeV and, therefore,
we can expect to find pronounced mixing of
prolate and oblate configurations in the low-
energy collective states of this nucleus. Next,
for #Si the binding energy displays a deep
oblate minimum at f,, =-0.37 whereas the
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Fig. 1. The potential energy surface of N = 28 isotones (6 nuclei) as a function of the
deformation parameter p,
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Table 1

Calculation results of excitation energy values compared to those
of other authors

Nucleus Excitation energy, MeV
Our study Other data
#S 0.77 1.36 [33], 0.2 [1]
42Si 2.60 2.50 [34], 1.5 [1]
Mg 3.50 1.38 [35]

Notes. The excitation energy is an energy difference between two
minima as obtained in the deformed RMF calculations using TMA
force parameters. Our results are compared with both theoretical
and experimental ones [1, 33 — 35].

second prolate minimum is found at B,,, = 0.49
with an excitation energy of 2.6 MeV (see
Fig. 1, the middle left panel). These results
are similar to those obtained from the RHB
theory by Lalazissis et al. [1] and the energy
density functional analysis of shape evolution in
N = 28 isotones [4]. Furthermore, with another
proton pair removed, the very neutron-rich
nucleus “Mg shows a deep prolate minimum
at B,, =0.46 and an oblate minimum at
B,, = —0.37 with the excitation energy of 3.5
MeV (see Fig. 1, lower left panel).

One important observation that can be
made from Fig. 1 is that successive removal of
protons leads to complete change in the shapes.
As can be seen from Fig. 1, “S has a more
likely prolate shape due to the prolate minima
standing below the oblate minima. With two
protons less in #’Si, oblate minima occur below
the prolate minima, resulting in “*Si having a

more likely oblate shape, whereas again with
two protons less in “Mg, the existence of a
prolate shape becomes more pronounced.

Therefore, from the variation shown in
Fig. 1 we can conclude that the phenomenon
of shape coexistence indeed exists towards the
proton-deficient nuclei of N = 28 isotones.
We found the excitation energy (energy
difference between two minima) for the nuclei
Mg, “Si, “S due to shape mixing (Table 1),
which are also compared with some other
theoretical and experimental data [1, 33—35]. It
is gratifying to note that our results are in good
agreement with other data which confirm the
shape coexistence in N = 28 isotone towards
the proton-deficient side.

To compare our results with other theoretical
calculations and experiments, in Table 2,
we have shown quadrupole deformation for
neutron-rich N = 28 isotones.
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Table 2
Results of quadrupole deformation parameter for N = 28 isotones
Quadrupole deformation parameter
Nucleus RMF Experiment FRDM HFB
(TMA) [36] [37] [38]
Mg 0.477 - 0.312 0.36
8Si —0.375 — 0.393 —0.33
“S 0.380 0.254 0.247 —0.27
AT 0.000 0.175 0.135 —0.20
®Ca 0.000 0.106 0.000 0.12

Note: RMF(TMA) results are obtained in this study.
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Fig. 2. Calculation results of energy difference between neutron 'f; , and 'f )
states responsible for N = 28 shell closure for five nuclei

As shown in the case of ¥Ca, magic nuclei
possess a spherical configuration and therefore
phenomenon of shape coexistence results to
disappearance of N = 28 neutron shell closure.
To demonstrate it we show in Fig. 2 the energy
difference between neutron 'f; - and !f, , states
which gives rise to N = 28 shell closure. These
single particle energies are calculated using the
RMF framework with a spherical configuration
[14, 20]. It is evident from Fig. 2 that the gap
decreases significantly towards proton deficient
side from 7.49 MeV for ¥Ca to 2.62 MeV
for ¥“Mg. This drastic change for the proton-
deficient nuclei gives rise to the disappearance
of N = 28 shell closure and the development of
the phenomenon of shape coexistence.

4. Summary

In this paper, we have investigated the
shape coexistence phenomenon in N = 28
isotones by employing relativistic mean-field
plus BCS (RMF+BCS) approach [18 — 20].
For our study, the RMF calculations were
carried out using the TMA parameter, and the
results of single particle spectra, binding energy,
excitation energy, etc., were analyzed for the
phenomenon of the shape coexistence. We
found through variation of binding energy with

quadrupole deformation that N = 28 isotones
indeed showed shape coexistence towards the
proton drip-line. Neutron-rich ¥*Mg, #*Si, and
#“S were found with mixed configuration of
prolate and oblate shapes. This shape mixing
in N = 28 isotones results in the collapse of
spherical configuration and consequently
N = 28 shell closure. It is indulging to note
that our results of excitation energy are in good
match with other communications [1, 33 —35].
In addition to this, we also focused on single
particle energies of 'f, and ', states and it was
found that this shell gap decreased towards the
proton-deficient side fortifying the conclusion
of disappearance of N = 28 shell closure and
shape coexistence.
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