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Shell model study of N ~ 28 neutron-rich nuclei
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A systematic study of the low-lying structure of N = 27, 28, and 29 isotones is performed within the shell
model framework using the SDPF-U interaction [F. Nowacki and A. Poves, Phys. Rev. C 79, 014310 (2009)]. For
each isotonic chain, correlation energy is found to increase while moving away from the stability line. Spherical
shapes as well as small values of correlation energy are associated with the isotopes of »yCa and 19K discussed
in this study. Neutron intruder states appear at low excitation energy in the ;sAr and ;Cl studied isotopes.

Coexistence between spherical and prolate deformed states is a systematic feature in 1S isotopes. Below Z = 16
most of the studied nuclei are characterized by intruder ground states. The major role played by protons in

determining the structure of N =~ 28 nuclei is shown.
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I. INTRODUCTION

About 20 years after the B-decay experiment that pro-
vided the first hints on the reduction of the N = 28 gap
in neutron-rich nuclei [1], the study of this mass region
is still an active area of research. Taking advantage of the
development of radioactive ion beams, numerous experimental
data for neutron-rich nuclei with N =~ 28 have been obtained.
Coulomb excitation experiments [2-5] confirmed first the
onset of collectivity while moving away from the valley of
stability. Mass measurements also indicated the reduction of
the N =28 gap [6,7], as well as the results from in-beam
y -ray spectroscopy [8—10]. More recently, various nuclei have
been studied by means of direct reactions [11-16]. A global
analysis of these data shows the reduction of the N = 28 shell
gap in exotic nuclei. The signature of deformation has been
obtained in some of the most recent studies [17—19]. These
experimental efforts have been accompanied by simultane-
ous theoretical developments. Both mean field [20-24] and
shell model [25-29] approaches contributed to the cross-
fertilization between experiment and theory.

In the case of a shell model approach, the wealth of data
obtained within the past 20 years allowed a refinement of
the monopole part of the sdpf interactions used to describe
this mass region. The resulting up-to-date interaction, namely
the SDPF-U interaction [30], provides a remarkably good
description of available data for nuclei in the vicinity of
the N = 28 shell closure. This interaction thus offers the
opportunity to systematically study nuclei in this mass region
in order to gain a deeper understanding of the evolution of
nuclear structure and its associated signatures. The present
article reports on such a systematic study. The nuclei studied
here are denoted by gray boxes in the left panel of Fig. 1.
The structure of the other nuclei has already been discussed
elsewhere using the same approach and interaction [13,30].

This article is organized as follows. Section Il A discusses
the impact of correlations on the low-lying structure of odd-odd
N = 27 isotones. This discussion is complementary to that for
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even-odd isotones reported in Ref. [13]. Section II B focuses on
the structure of low-lying states in odd-even N = 28 isotones
to clarify the role of proton excitations in the evolution of
nuclear structure in this mass region. Section II C1 investigates
if and how correlations impact the structure of even-odd N =
29 isotones, while Sec. II C2 discusses the structure of odd-odd
N = 29 isotones. Section III summarizes the picture emerging
from the present work and suggests experimental perspectives.

II. DISCUSSION

The results presented in this section are obtained using the
ANTOINE code [31,32]. Shell model calculations are performed
within the full sd (fp) valence space for protons (neutrons)
as shown in the right panel of Fig. 1. Effective charges (e, =
1.35 and e, = 0.35) and nucleon g-factors (g7 = 1.1, g =
4.1895, g/ = —0.1, and g = —2.8695) are used to estimate
electromagnetic properties.

In this article the natural/intruder terminology refers to
neutron configurations. A natural neutron configuration refers
to a configuration corresponding to the filling of lowest
energy for the valence orbitals reported in the right panel
of Fig. 1. At N = 27, it corresponds to a single hole in the
vf7/2 orbit [(vf7,2)7']. At N = 28, the natural configuration
corresponds to the vf7,, orbit fully occupied [(v f7/2)8] and
to a single particle in the vps;,, orbit at N =29 [(vf7/2)8
(vps /2)1]. An intruder neutron configuration refers to an
excited configuration obtained when at least one v f7,, neutron
from the natural configuration is promoted in higher fp orbits.

For convenience, definitions of monopole and multipole
contributions to the total energy of a shell model state are given
here (see Refs. [29,33] for further details). The shell model
Hamiltonian can be written as H = H,, + Hj;. The monopole
part, H,,, is responsible for global saturation properties and
single-particle behavior. It contains contributions of spherical
Hartree-Fock type. The multipole Hamiltonian, H),, contains
all other terms, such as pairing and quadrupole correlations.
It is responsible for collective behavior. This separation
property of H allows us to decompose the total energy of
a shell model state, E, into its monopole and multipole
contributions, respectively, referred to as MoC and MuC in the
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FIG. 1. Leftpanel: Portion of the nuclear chart being investigated.
Nuclei marked by gray boxes are those discussed in the article. Right
panel: Schematic view of the valence space used in present shell
model calculations. The magic numbers 8, 14, 20, and 28 are reported.

following. Indeed, for a given eigenfunction, |¥), of H one
has H|W) = E|V), MoC = (V|H, |V¥), MuC = (V|Hy|V¥),
and E = MoC + MuC. This decomposition is intensively used
throughout this article.

A. N = 27 isotones

In a naive shell model (SM) picture the ground-state
(GS) wave function of N = 27 isotones is expected to be
dominated by the (vf7/2)”" neutron configuration, and the
(vf72)"2(vp32) ! configuration is expected in the low-lying
excitations of these nuclei. This is indeed observed in %Cay,
which presents quasipure 7/2~ GS and 3/27 first excited
state at about 2 MeV. However several experimental studies,
complemented by SM calculations, have shown that the
structure of low-lying states in N = 27 isotones is more
complex than suggested previously as soon as one departs
from the Z = 20 shell closure. Indeed, in ‘ngr, in-beam
y-ray spectroscopy [9] and direct reactions [11,13] revealed
that the wave function describing the 3/2; state, lying as
low as 550 keV, is a complex mixture of single particlelike
and core-excited components (see the corresponding detailed
discussion in Ref. [13]).

Available experimental data closer to the neutron drip line
show that configuration mixing increases with the N/Z ratio.
The ground state of ‘1“7‘Cl, studied via a neutron knockout
reaction [15] and g-factor measurement [34], contains an
almost equivalent part of the natural (vfy /2)" and intruder
vf7 /2)’2(vp3 /2)1 configurations. In ‘l‘gS, g-factor measurement
strongly points toward the intruder nature of the ground state
at Z = 16, the natural (vfy,)~" state lying ~ 320 keV in
excitation energy [19]. These results in “*S have been partly
confirmed by Riley and co-workers [16]. Within the shell
model framework these spectroscopic data are the result of the
progressive reduction of the N = 28 shell gap and the increase
of correlation energy from stability toward exotic nuclei [13].
The present discussion aims at extending that of Ref. [13]
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FIG. 2. (Color online) Calculated level schemes in odd-odd N =
27 isotones of interest. States originating from the mds/-vf7,, and
mds p-vp3), couplings are reported. States clearly identified as being
built on the latter configuration are shifted on the right part of the level
scheme for each isotone. The diamond symbol indicates, for each 4 X

isotone, the position of the first 3/2~ state in the core nucleus 5] Y.

to the odd-odd N = 27 isotones to determine the impact of
correlations on the low-lying structure in ‘lng, ‘1“7‘C1, and ‘I%P.

With a proton number ranging from 15 to 19, the low-lying
states of these isotones are expected to be mainly described
by the coupling of an unpaired proton in the (5,2, 7wd3/2)
degenerate orbits with an unpaired neutron in either the
vf7,2 or the vp3), orbits (see Fig. 1). The calculated level
schemes for {§K, 13Cl, and {2P, restricted to states of interest
for the present discussion, are shown in Fig. 2. In ?SK’
the wds/»-vf7/, configuration gives rise to the (21,31,41,51)"
multiplet calculated to lie below 1 MeV in good agreement
with available data [35,36]. Non-negligible mixing with the
7 s1/2-Vf7/2 configuration is found for the 3] and 4] states of
the multiplet. It is associated with the experimentally well-
established degeneracy of the sy, and 7ds/, orbits in this
mass region [37,38], in agreement with SM calculations [30].
The consequence of the degeneracy of the s1,, and d3, proton
orbits is not discussed in detail in the present article as it has
been discussed elsewhere [30,37,38].

The (01,11,27,3,) states built on the 7 d3,-vp3, configura-
tion are calculated to lie around 2 MeV. This excitation energy
is consistent with that for the 3/2; state in 3)Ca, built on the
vp3/2 orbit, reported in Fig. 2 (diamond symbol) in the level
scheme of ‘I‘SK. In ‘I*SK, the states of interest present rather pure
wave functions (WFs) with about 70% corresponding to the
aforementioned neutron configurations. This is exemplified
in Fig. 3 which displays the amount of natural and intruder
neutron configurations in the ground-state wave functions of
the considered N = 27 isotones.

As seen from Fig. 2, states built on the mwd3/-vps3)
configuration, in ‘1“7‘Cl, are calculated to be about 1.5 MeV lower
in excitation energy than those in ?SK This result is consistent
with the experimentally established lowering of the neutron
intruder configuration between 5/Ca and f3Ar [9,11,13] (see
Fig. 2). Associated with this lowering, a large mixing between
natural and intruder neutron configurations is found in the WFs
of the calculated states for {3Cl as displayed in Fig. 3 for the
particular case of the GS. This result is in agreement with the
experimental data reported recently by Riley et al. [15] and
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FIG. 3. (Color online) Components of natural (Op1h) and intruder
(1p2h) neutron configurations in the ground-state wave function of
odd-odd N = 27 isotones discussed in the text.

De Rydt et al. [34]. The increasing contribution of the intruder
component in the WF of the GS of odd-odd N = 27 isotones is
consistent with the increasing contribution of multipole energy
to the total energy of the states of interest. The monopole-
and multipole-energy contributions to the total energy of
these states are reported in Table I. Interestingly, considering
only the monopole contribution (i.e., contribution from the
spherical mean field), the ground state of these isotones (in
boldface in Table I) is calculated to be part of the natural
mds-vf7, configuration. In ‘1“7‘C1, the states built on the
intruder 7w d3>-vp3,2 configuration are energetically favored as
compared to those built on the natural configuration because
of a gain in multipole energy of about 2-3 MeV.

Further from the stability line, experimental evidence for
the intruder nature of the GS in ‘l‘gS has been reported [19]
and accounted for by shell model calculations [13,19].
Consistently, in {2P, states built on the 7ds/-vp3,, intruder
configuration are calculated as the ground and first excited
states, as shown in Fig. 2. The 0~ GS of the nucleus
contents only a negligible (<1%) component of the natural
(vf7/2)~" neutron configuration, as displayed in Fig. 3. Similar
negligible contributions of natural configurations are found
for the first and second excited states shown in Fig. 2. The
first state calculated with a non-negligible (v f7/2)‘1 natural
configuration (49%) is the 3| state, 675 keV above the intruder

TABLE 1. Decomposition of the total energy of the states
discussed in N = 27 isotones in terms of their monopole (MoC)
and multipole contributions (MuC), in MeV.

Jr 46K 44Cl 42P

MoC MuC MoC MuC MoC MuC
0y —311.4 —6.4 —264.4 —13.5 —-217.1 —14.7
1y —311.8 —6.9 —264.4 —13.5 —216.8 —14.8
27 —313.6 —4.9 —267.2 —11.3 —216.8 —14.7
25 —-313.9 —6.8 —264.5 —134 —216.1 —14.7
37 —-315.0 -39 —-267.0 —10.9 —213.5 —-17.5
35 —3154 —4.7 —266.4 —11.0 —-213.0 —-17.9
47 —315.8 —4.1 —267.1 —10.8 -219.0 —11.9
57 —-3159 —3.8 —268.3 —8.9 —213.7 —16.0
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ground state. Correlations are found to be responsible for the
natural/intruder inversion in ‘l‘gP, as shown in Table 1.

The previous discussion on odd-odd N = 27 isotones
completes consistently that presented in Ref. [13]. Correlations
gradually increase while moving toward neutron-rich nuclei
along the N = 27 isotonic chain. Above Z = 17, the ground
state of these isotones is mainly built on the natural neutron
configuration [(v f7/2)’1], while equivalent mixing between
that configuration and the intruder [(v.f72) > (vp3/2)'] neutron
configuration is predicted and observed in }3Cly;. Below
Z = 17, the ground states of N = 27 isotones are predicted to
be neutron intruder states.

B. N = 28 isotones

From previous experimental and theoretical studies it
appears that the reduction of the N = 28 gap in neutron-rich
nuclei is no longer a subject of debate [39]. The predicted
deformation in {3Siag is often presented as an example of the
disappearance of the N = 28 spherical shell effect. However,
no clear conclusion is available concerning the role of protons
in the development of collectivity in the vicinity of this nucleus.
In the available literature, some authors claim that moderate or
important proton excitations from the wds,, orbit are required
to explain the experimental spectroscopic results found in S
and Si isotopes [13,18,30]. On the contrary, others argue that
the reduction of the N = 28 shell gap, solely, accounts for
the observed spectroscopic properties in this mass region and
thus conclude that alarge Z = 14 shell gap [37,40—43] hinders
proton correlations.

The present discussion is devoted to this question. The low-
lying structure of odd-even N = 28 isotones, with Z > 14,
offers a unique opportunity to study states built on the proton
sd orbits and hence to probe the Z = 14 shell gap and the role
of proton excitations across this latter.

Shell model calculations have been performed for ‘gK,
ﬁCl, and ‘gP to identify states built on the 7sy, wd3)2,
and mds;, proton orbits. The resulting level schemes are
presented in Fig. 4. The first low-lying states of these
isotones are expected to be quasidegenerate in energy being
built on the ms;,» and md;,, proton orbits (in agreement
with present results reported in Fig. 4). States built on the
mdsy, proton orbit are expected to lie at higher excitation
energy, depending on the amount of proton excitation
across the Z = 14 shell gap. In the following, states built
on the mds;, proton orbit are considered to be those with
a 5/2*% spin and parity and a non-negligible part of their
wave function corresponding to a hole in the mds;, proton
orbit. In {JK, the 5/2/ state is the first one fulfilling these
criteria. Itis calculated to lie at 5.5 MeV, as shown in Fig. 4. All
other calculated 5/27 states, below 5.5 MeV, are interpreted as
recoupled states, as about (or more than) 90% of their proton
wave function correspond to the (7 ds /2)6 component. This is,
for example, the case for the 5/27 and 5/27 states represented
as gray levels in Fig. 4 at 3.00 and 3.45 MeV, respectively.
Their wave functions are dominated by a proton hole in the
degenerate 7w d3,, and 75y /> orbits coupled with the ZT state in
the core nucleus 55Ca (the excitation energy of the 2| state in
‘2‘8Ca is reported as a diamond symbol in the level scheme of
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FIG. 4. (Color online) Calculated level schemes for N = 28
isotones discussed in the text. Only states of interest are shown (see
text for details). Levels identified as being built on the ds/, proton
orbit are reported in black. The diamond symbol indicates, for each
4 X isotone, the position of the 2} state in the core nucleus 51Y. M1
reduced transition probabilities (in 1073 ) are denoted by the black
arrows. E2 reduced transition probabilities (in €? fm*) denoted by the
empty arrows.

10K). For the sake of clarity other 5/27 states are not shown
in Fig. 4. The level scheme calculated for 1;K is in good
agreement with available data [44]. In particular, a 5/27 state
has been reported at 5.4 MeV with a proton spectroscopic
factor of about 1 (normalized to 6) indicating that this state
exhausts a non-negligible fraction of the wds,, spectroscopic
strength. As shown in Ref. [44], the spectroscopic strength
for the latter orbit is considerably more fragmented than that
for the 751/, and wd3/, orbits in TZK- This is associated with
the large binding energy of the mds;, orbit. Similar results
are obtained in the present shell model calculations. Figure 5
displays the contribution of the (7w ds /2)’1 component to the
wave function of the 5/2% states indicated as black levels
in Fig. 4. As seen from this figure, only 25% of the wave
function of the 5 /Zg state in ‘I‘Z)K corresponds to a hole in
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FIG. 5. (Color online) Left axis: Contribution, in %, of the
(meds;2) ™" [(vf7/2)%] component to the proton (neutron) wave function
of the 5/2% states displayed as black levels in Fig. 4. Right axis:
Intrinsic quadrupole moment, Q;, associated with diamond symbol,
for the 5/2" state displayed as black levels in Fig. 4. Q;is calculated
assuming a K value of K = 5/2.
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the well-bound mds,, orbit. The remaining part of the wave
function corresponds to coupled proton-neutron components,
accounting for the rather small (v f7/2)8 contribution to the
neutron wave function in the corresponding state (see Fig. 5).
Here we would like to point out that Fig. 5 presents only a
fraction of interest of the proton and neutron WFs for the
5/2% states built on the mds;, orbit. The reported proton
(neutron) components are obtained by summing over all
neutron (proton) configurations associated with the (7 ds /2)_l
proton component [(v f7 /2)8 neutron component] in the WFs of
the 5/27 states considered. For example, a pure state consisting
only of the (;rds /2)’1—(1) fy /2)8 configuration would decompose
into a (7ds))~"! proton component of 100% and a (vf72)®
neutron component of 100%.

In the more exotic {3Cl nucleus, the aforementioned
quasidegeneracy of 1/2% and 3/2" states is also observed
below 200 keV. The main component of the proton wave
function of the 5 /2]L calculated at 1 MeV corresponds to
the coupling of a proton hole in the ms;,, or wds,, orbit to
the 2] state of the core nucleus “°Ar (reported as a diamond
symbol in the level scheme of {5C1). The 5/27 state at 1.6 MeV
is the first one calculated with a non- negligible contribution,
35%, arising from the mds;, orbit as seen from Fig. 5. Each
of the calculated levels presented in Fig. 4 for ﬁCl has an
experimental counterpart [10,38]. It is striking to note the
drop by about 3 MeV of the 5/27 state of interest in between
10K and $CI. This drop is associated with an increased
contribution from the wds,, proton orbit to the wave function
of the state and a decreased contribution from the natural
f7 /2)8 neutron configuration (see Fig. 5). About 35% (30%)
of the neutron wave function corresponds to the (vf7 /2)_'r1
[(vf7/2)"2r?] intruder configuration. Here r refers to one of
the vp3ss, vpi/2 or vfs,, neutron orbits. A decomposition of
the total energy of the states of interest in terms of monopole
and multipole contributions similar to that discussed in the
previous section has been performed in N = 28 isotones. It
is instructive to know that in {JK, multipole contributions
(MuC) do not significantly favor any of the calculated states.
On the contrary, in ﬁCl, the multipole energy contributions
for the 1/2%, 3/2%, and 5/2] states are —11.9, —10.1, and
—11.2 MeV, respectively, while amounting to —13.1 MeV for
the 5/27 state.

As seen from Fig. 4, the decrease in energy of the 5/2* state
built on the 7 ds/, orbit continues further in | P as /2 state
lying as low as 970 keV in agreement with recent data [14].
Figure 5 shows the negligible contribution of the natural
neutron configuration, (vf; /2) to the wave function of the
5/1} state in {3P, while the contribution from the (rds/)~"
proton configuration reaches about 70%.

A striking difference between 13P and 47K or 45Cl is the
predlctlon of a deformed sequence built on top of the 5/2
level in {2P. No such sequence is found neither for {7K nor
for 17Cl. The right axis in Fig. 5 is associated with the set of
black diamond symbols representing the intrinsic quadrupole
moments, Q;, of the 5/2% states of interest in the present
discussion. These quadrupole moments have been estimated
assuming a K = 5/2 value (K being the projection of the
total angular momentum J onto the z axis of the intrinsic
system) for the corresponding states. It is clearly seen that
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TABLE II. Spectroscopic properties of the states belonging to
the deformed sequence in {3P: intrinsic quadrupole moments, Q; in
e fm? (calculated assuming a K value of K = 5/2); mean occupation
numbers of the mds;, proton orbit, n.(ds/,); contribution of the
(v f7/2)8 and (v f7/2)‘2 components, in percent, to the neutron wave
function; and monopole/multipole contributions to the total energy
of the state, MoC/MuC in MeV.

5/2% 7/2F 9/2%* 11/2%
o 75 100 16 55
ny(ds/2) 4.74 4.79 4.89 4.78
(Vf7/2)8 2 1 2 0
(vfm)’2 63 60 49 57
MoC —-214.9 —2154 —216.4 —215.0
MuC —19.9 —18.7 —17.0 —17.3

deformation of the 5/2% states increases along the N = 28
isotonic chain. Consistently, the increasing deformation can
be associated with the aforementioned increase (decrease) of
the (nds/z)_l proton contribution [natural (v f7/2)8 neutron
contribution] to the WF of the states. The deformed sequence
states calculated in “*P (7/2%, 9/2%, and 11/2% states) are
shown in Fig. 4. In this scheme a state of spin J mainly decays
via the M1 transition toward the state of spin J — 1 and via
the E?2 transition toward the state of spin J — 2, as shown in
Fig. 4. The E?2 transition rates associated withthe / — J — 1
transitions are calculated to be about 10 times smaller than
the corresponding M1 transition rates. The 5/2] sequence
head decays to the 1/2] state via a weak E2 transition
[B(E2, 5/2;r — 1/2;“) = 7 ¢% fm*] and toward the 3/2;r state
via an M1 transition [B(M 1, 5/2;r — 3/2?’) =0.017 /L%,].
Table I summarizes some properties for the states involved
in the deformed sequence, such as their intrinsic quadrupole
moment, Q;. The reported Q;values clearly show: (i) the
prolate deformation associated with the sequence, and (ii) the
strong variation in deformation with growing excitation energy
along the sequence. From the latter observation it appears that
the sequence cannot be regarded as a rotational band. For this
reason, in the following, the term deformed sequence (DS)
will continue to be used. As mentioned previously for the
5/ 2;’ state and as seen from Table II, the states of the DS have:
(i) a similar proton wave function with the main configuration
corresponding to a single proton hole in the mds/, orbit, as
reflected by the mean occupation number of the wds,, orbit;
(i) a similar neutron wave function corresponding to the
intruder configuration (vf7 /2)’2;"2; and (iii) a negligible con-
tribution from the natural neutron configuration [(vf; /2)8].
Neglecting correlations (i.e., multipole contribution to the
total energy of the considered states) in ‘l‘gP, the GS of
the nucleus is the 3/2] state (Fig. 4) with a monopole
contribution to the total energy of the state of —220.9 MeV.
As seen from Table II the monopole contributions to the
total energy of the DS’s states are all around the same
value (—215.6 £ 0.7 MeV), about 5 MeV higher than that of
the corresponding 3/2 monopole ground state. However once
correlations are considered (see Table II), the states belonging
to the DS are energetically favored, the 5/2* sequence head
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lying only 1 MeV above the 1/2%-3/2% doublet. We mention
that the intruder neutron configuration is not specifically
associated with the (;r ds /2)" proton configuration. Indeed the
vf7 /2)’2r2 configuration contributes to a level of about 45%
to the wave function of the 1/ 2?' and 3/ ZT states in ‘gP.

The present discussion demonstrates the increasing role
of proton excitations across the Z = 14 gap in exotic nuclei
along the N = 28 shell closure. Consistently with the results
obtained for N = 27 isotones, correlations are found to
gradually increase as a functionof N/Z at N = 28. Associated
with the increasing correlations, the (ds /2)‘1 component in
the proton wave function of the 5/27 states becomes dominant.
From ?;K downto ‘]‘g P, the excitation energy of the studied 5/2*
state is drastically lowered by about 4 MeV. In }2P, a deformed
prolate sequence is calculated on top of the 5/ ZT state and
the intruder nature of the neutron configuration of the states is
found.

C. N =29 isotones

The structure of neutron-rich N = 29 isotones has not been
discussed much in the literature. This is probably related to the
lack of experimental data for these isotones that are difficult
to produce. In the following the structure of these isotones
is studied from Z = 20 down to Z = 15. Nuclei with lower
Z values are very weakly bound and their calculated structure
might not be well accounted for by the present SM approach.
Even-odd and odd-odd isotones are discussed separately.

The structure of N = 29 isotones is expected to resemble
that of N = 27 isotones since the former consist of one particle
and the latter of one hole on top of N = 28. However, the
separation in excitation energy between the states built on
the vf7,> and vp3,, orbitals (forming the N = 28 gap) differs
by about 1 MeV between N =27 and N = 29 isotones, as
seen in the following section. For later convenience the origin
of this difference is pointed out here for Ca isotopes based
on simplistic SM arguments. As a first approximation the
7/27 GS in ‘2‘(7)Ca27 can be considered to be built on the
(v ]‘7/2)’1 neutron configuration, and the 3/2] state results
from the excitation of a single neutron from the vf7/, orbit
to the vps,, one leading to the (1)]‘7/2)_2 (vp3/2)1 neutron
configuration. Similarly, in ggCazg the configuration of the
WF of the 3/27 GS is (1)]"7/2)8 (Vp3/2)1 and the configuration
of the 7/2; excitation is (vf7/2) " (vp3/2)*. In these dominant
configurations, pairs of neutron holes in the vf7,, orbit and
neutron particles in the vp;3 , orbit are mainly coupledto J =0
and T = 1. The difference in the 3/2-7/2] energy splitting
between “’Ca and “°Ca, A, can be expressed as a function
of its monopole and multipole contributions: A = A, + Ay.
Neglecting the mass dependency of the matrix elements
between A = 47 and A = 49, one finds from the simple SM

T=1

configurations introduced previously that A, =V~ =—

V;Z;/:z,lp3/2 ~ —0.1 MeV, where VIC:' is the T = 1 monopole
centroid for the orbit i. Thus the monopole contribution to A
is minor; that is, A is mainly a multipole effect, most of which
is due to the difference between the vf7,, and vpsz,, pairing
matrix elements. Neglecting other contributions to A, one

estimates A >~ 1.1 MeV.
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1. Even-odd isotones

The present discussion aims at investigating if and how
correlations, systematically observed or predicted in neutron-
rich nuclei at N = 27 and 28, impact the structure of even-odd
N =29 isotones. N =29 isotones are expected to have
low-lying states built on the (vf; /2)81’1 neutron configuration.
Here r stands for one of the vp3/, vpi, or vfs, neutron
orbits. In égCa, only small fragmentation of the spectroscopic
strength corresponding to the r orbits is experimentally
observed [45,46]. No 7/27 state built on the vf7/,, neutron
orbit with significant neutron spectroscopic factor has been
reported. It shows that the vf7/, orbit is to a large extent fully
occupied in the ground state of 35Ca, thus hindering neutron
transfer to this orbit via (d, p) or similar one neutron transfer
reactions. The first 7/27 state is calculated at 3.1 MeV above
the 3/2~ GS of 5)Ca. The excitation energy difference between
the 3/2; and 7/2; states is 1 MeV higher in 5)Ca as compared
to its value in %Ca, in agreement with the previously estimated
value of A.

Below Z = 20, to the best of our knowledge, spectroscopic
information on even-odd N = 29 isotones is restricted to
‘l‘gAr [12,47]. In this nucleus, like for ggCa, large spectroscopic
factors are reported for the 3/2~ GS and the low-lying
1/2] state (at 1.3 MeV), pointing toward a single-particle
nature [12]. Contrary to ggCa, a low-lying 7/27 state (lying
at about 1.8 MeV) has been reported with a non-negligible
neutron spectroscopic factor, pointing toward the reduction
of the N = 28 shell closure at Z = 18 [12]. Supporting
this conclusion is the observation of a low-lying 5/27 state,
observed at 1.23 keV, interpreted as arising from the coupling
of avps,, neutron to the 2% core excitation [47]. Hence, already
at Z = 18, experimental data and their SM interpretation
suggest a moderate onset of correlations.

Further away from the stability line, in ?ES, no experimental
data exist. The low-lying 1/2, 3/2{, and 7/2| states have
been calculated within the present SM approach. Some
spectroscopic properties of these states are given in Table III.
As seen from the table, the level scheme calculated for 12S is
slightly compressed as compared to that for ‘l‘gAr. In particular,
the 7/2] state lies about twice lower in excitation energy in
‘1‘25 than in ‘I‘Z;Ar. Like for ‘ltgAr, the non-negligible neutron
spectroscopic factor calculated for the 7/27 state in ‘,‘28 (see
Table III) is a strong indication that the N = 28 shell closure
is no longer effective in the core nucleus. This remark is
consistent with previous experimental and theoretical studies
on ‘l“gS pointing to shape coexistence [17,23,28,30]. The rather

TABLE III. Calculated excitation energies (E£), in MeV; neutron
spectroscopic factors (C2S) corresponding to (d, p) transfer reaction
onthe N = 28 core nucleus in its ground state; multipole contribution
(MuC), in MeV; and spectroscopic quadrupole moments (Q;), in
e fm?, for the states of interest in 43S, labeled by their spin/parity, J™.

JT E C2s MuC oy
3/27 GS 0.46 —13.3 -9
1/27 0.63 0.54 —14.5

/27 0.74 0.12 —14.8 29
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large spectroscopic factors associated with the 1/2~ and 3/2~
states indicate their dominant single-particle nature.

As seen from Table III, the multipole contributions to the
total energy of the states of interest do not differ from those
reported for N = 27 and 28 isotones. It suggests the presence
of correlations as in ‘,“6‘823 and ‘]‘2827. Hence deformation
might be expected for ‘l‘gS, as supported by the spectroscopic
quadrupole moments reported in Table III, especially that for
the 7/2; state. Other excited states are calculated in {3S but
not reported in Table III because of their too low binding
energies. Particularly interesting is a group of 9/27, 11/27,
and 13/27 states calculated at 1.85, 2.79, and 4.18 MeV,
respectively, that might be viewed together with the 7/27
state as a deformed structure. Indeed, these states are linked
by strong M1 and E?2 transitions, following the same decay
pattern as that reported for ‘l‘gP in Fig. 4, with typical transition
probabilities of B(M 1) >~ 0.15 u3% and B(E2) =~ 40 ¢* fm*.
These states present the same intrinsic neutron configuration
[(vf7/2)‘1(vp3/2)+2] suggesting a K = 7/2 value for the 7/27
state reported in Table III. An axial deformation parameter
value, B ~ 0.3, might thus be deduced for the 7/2] state.
No clear signatures for deformed structures are found on
top of the 1/2] and 3/2] states. This foretells a moderate
deformation for these latter states as compared to that for
the 7/2 state, which is consistent with the rather small
spectroscopic quadrupole moment reported in Table III for the
3/27 state. One notices that similar arguments for ‘l‘gAr lead to
rather spherical shapes for the states discussed for that nucleus.

The present discussion shows that correlations impact on
the structure of even-odd N = 29 isotones as on other studied
isotones. Correlations are not developed enough at Z = 18
to imply large deformation in ?Z;Ar; however, they lower
the intruder neutron configuration built on the vf7,, orbit as
compared to Z = 20. In 38, this intruder configuration lies at
low excitation energy and is associated with a well-deformed
prolate shape. This intruder configuration coexists with the
natural one built on the vp3,, orbit and associated with a rather
spherical shape.

2. Odd-odd isotones

This section is devoted to the structure of the low-lying
states in 15K, 15Cl, and 1P N =29 isotones. As already
discussed for odd-odd N = 27 isotones, the low-lying states
of interest for these nuclei are built on the wds,-vf7,, and
md32-vp3, configurations.

The mds/, and 751/, proton orbits being quasidegenerate in
the studied mass region, non-negligible mixing is expected
in the wave functions of the states of these multiplets.
As compared to odd-odd N = 27 isotones, states built on
the mds/»-vp3,» configuration [i.e., the (0,1,2,3)” states] are
expected to be lower in excitation energy than those built on the
md3 -V f7/2 configuration [i.e., the (2,3,4,5)” states] in N = 29
isotones. Figure 6 presents the level schemes calculated for
the aforementioned odd-odd N = 29 isotones, restricted to
the states of interest here, and confirms the aforementioned
expectation. As seen from this figure, two 1~ and 2~ states
are reported as being part of the wd3/;-vp3,» multiplet. The
degeneracy of these states arises from the corresponding
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FIG. 6. (Color online) Calculated level schemes in odd-odd
N =29 isotones of interest. States originating from the 7 d3/-vf7/,
and 7ds-vps;,, couplings are shown. States clearly identified as
being built on the vp3,, orbit are shifted on the left part of the level
scheme for each isotone. The diamond symbol indicates, for each 4 X

isotone, the position of the first 7/2] state in the core *Z‘i} Y nucleus.

degeneracy of the sy, and 7d3), orbitals. For example, in
18K, 70% of the wave function of the 2| state corresponds
to the (nsl/z)l(nd3/2)4-(vf7/2)8(vp3/2)1 configuration, while
70% of the wave function of the 25 state corresponds to
the (51/2)*(wd32)>-(vf7/2)%(vp32)! configuration. Configu-
ration mixing is even more apparent when considering the
wave functions of the 1~ states. Indeed two main components
are present in the wave function of the 17 state: (i) 52% for the
(7TS1/2)2(7Td3/2)3—(Uf7/2)8(l)p3/2)1 configuration, and (ii) 15%
for the (rrsl/z)l(nd3/2)4-(vf7/2)8(vp3/2)1 configuration. Main
configurations are the same for the wave function of the 15
state, but the percentages are reversed. Similar mixing between
the wd32-v f7/2 and 7w 51 2-v f7> configurations are observed for
the 37 and 4~ states of the second multiplet of interest here.
As mentioned earlier, the consequence of the degeneracy of
the 751> and 7 d3, orbitals has been discussed elsewhere and
will not be further addressed here.

In ‘IEK, states built on the vf7,, neutron orbit (reported in
the right part of the corresponding level scheme in Fig. 6)
lie at an excitation energy in agreement with that for the
7/2; state calculated in 3)Ca (diamond symbol in the level
scheme of {5K). States of interest in {sK have rather pure
neutron wave functions for which about 70% corresponds to
the (vf72)8(vp32)' (ie., 1pOh, where particle and hole are
counted with respect to the vf7,, orbit) configuration or to the
fy /2)’1(vp3 /2)2 (i.e., 2p1h) configuration, depending on the
considered multiplet. This is exemplified in Fig. 7 for the GS
wave function where configurations corresponding to one or
two holes in the vf7,, orbit are seen to contribute at a level of
20% only.

The discussion reported in Sec. IIC1 showed that the
excitation energy of the 7/2) state in even-odd N =29
isotones decreases while N/Z increases. The corresponding
excitation energies are indicated as diamond symbols in Fig. 6.
Consistently, in odd-odd N = 29 isotones, the excitation
energy of the states belonging to the multiplet built on the
v f7/2 orbit decreases from about 3 MeV in ‘l‘gK down to about
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FIG. 7. (Color online) Components of (1p0Oh), (2p1h), and (2p3h)
neutron configurations in the ground-state wave function of odd-odd
N = 29 isotones.

GS Component (%)

1 MeV in 2P (see Fig. 6). This decrease goes in concert with
the increase in configuration mixing in the wave function of the
states of interest, as seen for the particular case of the GS wave
functions in Fig. 7. From ?SK to ‘l“S‘P the contribution of the
natural neutron configuration (i.e., 1pOh) expected for the GS
wave function decreases from about 75% down to about 50% in
favor of the contribution of the intruder neutron configurations
(i.e., either 2plh or 3p2h) that increases from about 20% up
to 40%. This evolution in the natural/intruder balance in the
considered wave functions is a consequence of the increase in
correlation energy along the N = 29 isotonic chain. For the
isotones of interest multipole energy contribution to the total
energy of the considered states is of similar amplitude as for
odd-odd N = 27 isotones (see Table I).

The previous discussion ascertains the conclusions from
Sec. II C1: correlations impact on N = 29 as on other studied
isotones. Configuration mixing in the wave functions of the
low-lying states of interest increases with N/Z as does
multipole energy contribution. It is interesting to realize that
the decrease in excitation energy of the intruder configuration
from Z = 19 down to Z = 15 is equivalent in N = 29 and
N = 27 isotones. The inversion between natural and intruder
configurations reported for N = 27 isotones is not found at
N =29 mainly because of the difference in the vf7,, and
VP32 pairing matrix elements.

III. CONCLUDING REMARKS

From the present shell model study of N =27, N = 28,
and N =29 isotones a consistent picture emerges of the
evolution of the nuclear structure in this mass region. The
N = 28 shell closure is reduced while moving away from
the valley of stability. This reduction is modest. Experimen-
tally, it amounts to about 330 keV per pair of protons removed
from the sd shell [12]. Both shell model [30] and mean
field [23] calculations are in agreement on the amplitude of
this reduction. Hence, with a starting value of about 4.8 MeV
at Z =20, the N = 28 shell gap is predicted to be about
3.8 MeV in silicon isotopes.

While the N = 28 shell gap is gradually reduced with
increasing N/Z ratio, correlations strongly increase. The
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FIG. 8. Portion of the nuclear chart studied in the present work.
The gray scale represents the amount of correlation energy, in MeV,
in the ground state of the considered nuclei.

amount of correlation energy in the studied mass region is
mainly independent on the neutron number of the nuclei.
This point is exemplified in Fig. 8 displaying the multipole
contribution to the total energy of the ground states of N =
27-29 nuclei. This figure summarizes one result of the present
work: Adding neutrons from N =27 up to N =29 does
not significantly modify correlation energy at a fixed proton
number, while removing protons at a fixed neutron number
implies an important increase in correlation energy. This
feature shows that protons play a key role in the development
of collectivity around N = 28. Itis to be noted that the increase
in correlation energy is by far much larger than the reduction
of the N = 28 gap along the studied isotonic chains.

For each studied isotonic chain, configuration mixing
increases with correlations giving rise to a decrease by
about 2-2.5 MeV of neutron intruder configurations from
Z =20 down to Z = 14. At N =27 and N = 28, neutron
intruder configurations become the ground-state ones as soon

PHYSICAL REVIEW C 81, 064329 (2010)

as Z < 17. Correlations also affect the proton part of the
wave functions of the studied isotones. It has been shown
for odd-even N = 28 isotones where a gradual lowering of the
states built on the wds, orbit between Z = 19 and Z = 15 is
found. In ‘]‘g P»3 a deformed prolate sequence built on the 7 ds >
proton orbit is predicted.

Consistently with the previous results, the nuclear shapes
of studied isotones also gradually evolve with the N/Z
ratio. At Z = 20, correlations are not developed and these
nuclei present spherical shapes. Configuration mixing is
appreciable for Z = 18 nuclei that present a slight prolate
deformation. At Z = 16, coexistence of rather spherical and
well-deformed prolate shapes (8 =~ 0.3) is predicted for each
studied isotonic chain (see Refs. [19,30] for isotopes not
specifically discussed in the present work), while {3Si is
predicted to be a well-deformed oblate rotor [30]. These shell
model results agree with conclusions drawn from mean field
calculations [23]. Moreover, within the mean field framework,
shape evolution in N = 28 isotones is found to be mainly
driven by deformed proton shell effects [23], in agreement
with present conclusions.

Perspectives of the present work consist of experimental
suggestions. At N = 27, it would be interesting to study the in-
truder nature of the ‘1‘§P27 ground state. Even if not specifically
discussed in the present work, it would also be compelling to
identify the states belonging to the predicted rotational band
in ‘1‘2527 [19] to ascertain the present description of nuclear
structure in this mass region. At N = 28, confirmation of the
key role of proton excitations in driving the structure of exotic
nuclei in this mass region could be achieved through the study
of the predicted deformed sequence in ‘ngg. At N =29,
even if challenging, it would be of interest to quantify the
deformation of the 7/2] intruder state in }3S2. Further study
of the neutron spectroscopic factors in this nucleus would
provide valuable information.
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