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Analogous intruder behavior near Ni, Sn, and Pb isotopes
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Near shell closures, the presence of unexpected states at low energies provides a critical test of our understanding
of the atomic nucleus. New measurements for the N = 42 isotones $5Co and J3Cu, along with recent data
and calculations in the Ni isotopes, establish a full set of complementary, deformed, intruder states astride the
closed-shell ,sNi isotopes. Nuclei with a one-proton hole or one-proton particle adjacent to Z = 28 were populated
in B-decay experiments and in multinucleon transfer reactions. A B-decaying isomer, with a 750(250)-ms
half-life, has been identified in §Coys. It likely has low spin and accompanies the previously established 7/2~
state. Complementary data for the levels of isotonic ;4Cuy, support the presence of a deformed, AJ = 1 band
built on the proton intruder 7/2 level at 981 keV. These data, together with recent studies of lower-mass Co and
Cu isotopes and extensive work near %Ni, support the view that intruder states based on particle-hole excitations

accompany all closed proton shells with Z > 28.
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The properties of the atomic nucleus are strongly influenced
by the nature of individual quantum states available to its
constituent protons and neutrons. The presence of periodic,
large energy gaps between adjacent single-particle states leads
to an inherent stability at characteristic nucleon numbers of
2, 8, 20, 28, 50, 82, and, for neutrons, 126. The fact that the
element 5oSn has the largest number of stable isotopes (ten
in all) can be attributed to the large energy gap between the
89,2 and g7/, single-particle states at Z = 50. The enhanced
stability of the so-called doubly-magic nuclei is akin to the
chemical inertness of noble gases due to the complete filling
of an atomic electron shell. The presence of large energy
gaps forms the basis for the nuclear shell model [1,2] which
has been successful in predicting a wide variety of nuclear
properties by reducing the complexity of the description of a
large quantum many-body system to that of an inert core of
nucleons with areduced valence space of protons and neutrons.
The experimental study of nuclei adjacent to shell closures, in
particular those only one nucleon away from a closure, is
critical to our understanding of exotic nuclear systems [3—6].
Using the energies, spins, parities, and spectroscopic factors,
it is possible to identify the single-particle states that are
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important for the description of a nuclear system as well as to
establish their relative ordering.

The 49In and 5, Sb isotopes provide an illustrative example.
Naively, the level structures of odd-A In (Sb) isotopes consist
of a single-proton hole (particle) in the pf and g9,> (g7,2 and
ds)») single-particle states. The discovery of low-energy 3/27

and 1/27 levels in the one-proton hole nuclei él‘és' ! 17In66,68 [7]
associated with particle-hole excitations across the Z = 50
gap set off a flurry of investigations in the adjacent 49In,
509N, and 5;Sb nuclei [8,9] as well as in g Tl, g;Pb, and g3Bi
nuclei. Such studies eventually led to the establishment of full
sets of complementary, intruder states based on particle-hole
excitations in both regions of Z (50 and 82). These intruder
states were shown to be associated with deformation, and
triple-shape coexistence was reported in 186pp, 04 [10]. The
parallel movement of the 1/2% and 9/27% levels of odd-A
49In and 5;Sb isotopes is illustrated in Fig. 1. The large
degrees of deformation inferred for the intruder states in the In
isotopes lend themselves to an interpretation within the Nilsson
model with the low-energy levels described by an admixture
of numerous spherical shell-model single-particle states. This
comes with a concomitant change in the occupancies of the
spherical shell-model neutron states, that is implicitly assumed
when describing these intruders solely by their dominant
proton character as excitations across the major shell, as is
done in Fig. 1. The full scope of the experimental observables
has been carefully organized in three review articles [11-13]
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FIG. 1. Top: Single-particle level ordering for the In and Sb
isotopes. Normal proton configurations in In (Sb) consist of a
proton hole (particle) below (above) Z = 50. Schematic particle-hole
excitations in the In and Sb isotopes are also shown; see text for
details. Bottom: The energies of the Sb 9/2% and In 1/2% intruder
levels plotted with respect to their respective ground states. The
experimentally observed spins and parities of the intruder states
are obtained from the projection of the angular momentum on the
symmetry axis.

focusing heavily on intruder states associated with the Pb and
Sn closed shells.

Noticeably absent in the recent review of Ref. [11] is
a discussion of proton intruder states in ,7;Co and 9Cu
nuclei. The possibility of an intruder structure in ®Cuyg
analogous to the above cases had been suggested [14,15], but
data demonstrating a full sequence of proton intruder levels
was not available. Herein, new data are presented for the
N = 42 isotones ®Co and 7' Cu. They establish a sequence of
complementary intruder structures for odd-Z ,7Co and ,9Cu
nuclei, with a single hole and single particle, respectively,
adjacent to the Z = 28 closed proton shell. The present results
can be combined with the recent interpretation of the structure
of the 1868-keV, 25 level in "Niy, that sits between %Coy,
and "'Cuyy, as a member of a deformed intruder band [16].
This has also recently been suggested by theory [17]. As such,
these are the first new complementary proton particle-hole
excitation sequences established in the past 30 years. The data
support the view that deformed intruder configurations based
on particle-hole excitations are a general feature characterizing
structure near all proton closed shells with Z > 28.

The details of the experimental system have been pub-
lished previously [18-20], and only the salient features are
reproduced here. Ions of ®Fe and %°Co were produced by
impinging a 140-MeV /A ¥Kr primary beam on a ?Be target.
The fragmentation products were separated, identified, and
delivered to the Beta Counting System (BCS) [21] surrounded
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FIG. 2. (Color online) (a) B-delayed y rays detected within one
second of the arrival of a ®Co ion at the experimental station. The
transitions in ®Ni are marked by their respective energies. Inset: y-ray
energy spectrum between 1040 and 1500 keV. The circle indicates
a transition assigned in ®Cu following the decay of ®Ni [24].
(b) B-delayed y-ray transitions identified within one second of the
arrival of a ®Fe ion. Transitions attributed to the decay of %Fe are
marked by their respective energies. Arrows mark the locations of the
%Co B-delayed y rays at 1128 and 1319 keV.

by the Segmented Germanium Array (SeGA) [22] and read
out using the NSCL Digital Data Acquisition System (DDAS)
[23].

The B decay of %°Co to ®Ni, studied previously [6], was
monitored in the present experiment. This decay leads to
three strong y rays at 1196, 602, and 594 keV which can
be observed in Fig. 2(a). All three transitions lead to the
1/2~ isomeric state at 321 keV in ®”Ni which, subsequently,
decays to ®Cu (#1/2 = 3500 ms [24]). The Co decay curve
measured in coincidence with the 594-keV transition was fit
with contributions from the decay of ®°Co and a constant
background to yield a half-life of 180(20) ms; see Fig. 3(a).
Without the y-ray coincidence requirement, the ®Co decay
curve yields a half-life of 206(20) ms. Previously reported
®Co half-life values without the y-ray coincidence include
229(24) [25], 220(20) [6], 170(30) [26], and 270(50) ms [27].

The decay of ®Co was also studied as the daughter product
of independently produced ®Fe through the ®®Fe — ®“Co —
®Ni chain. A total of ten y rays are assigned to the 8 decay
of ®Fe observed in Fig. 2(b).

For the three most intense low-energy transitions, 250, 291,
and 446 keV, y-gated decay curves were extracted and fit
with a single exponential and a constant background. The
half-lives are consistent with each other within error and a
half-life of 162(7) ms is adopted for the B decay of ®Fe [see
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FIG. 3. (Color online) (a) Decay curve in coincidence with the
594-keV transition following the decay of directly produced ®Co, fit
with an exponential decay and a constant background. (b) Sum of
the ®Fe decay curves generated from gates placed on the 250-, 291-,
and 446-keV transitions fit with an exponential decay and constant
background. (c) Decay curve in coincidence with the 594-keV
transition following the decay of ®Co produced from %°Fe. The
curve is fit with the growth and decay of ®Co and two background
components. (d) The total decay curve for ®Fe with components
attributed to the decay of ®Fe, two states in ®*Co, ®Ni, and a
constant background. The grow-in and decay curve for ®Ni is
explicitly separated into two components corresponding to the two
%Co B-decaying states.

Fig. 3(b)], which is longer than previously reported [25,28]. If
the y-ray coincidence requirement is removed and the half-life
refit using the assumptions of Ref. [28], the resulting half-life
is consistent with that reported in Refs. [25,28].

The 594-keV y ray was observed following the decay of
%Co populated through ®Fe decay. The 594-keV coincident
decay curve displayed the characteristic growth and decay of
a daughter activity [see Fig. 3(c)]. Fitting this curve with the
Bateman equations for growth and decay and two background
components (one for Compton-scattered *°Fe y rays and the
other constant) resulted in a ®*Co half-life of 150(20) ms,
lower still than the half-life determined above from the decay
of independently produced *Co.
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TABLE I. y-ray energies and absolute intensities following the
decay of ®Co from the present work compared to previous literature
values.

E (keV) Intensity (%)
Present work Present work Ref. [6]
fragmentation B decay
594.2 (4) 42(4) 16(2) 56.7(47)
602.4 (4) 4.4 (12) 1.7(5) 8.9(12)
1128.5 (5) 2.6 (11) 1.0(5) 8.3(13)
1196.3 (4) 9.0 (20) 3.5(8) 11.2(16)
1319 (1) 0.6 (3) 2.7(7) 9.2(14)

The total decay curve for ®Fe is shown in Fig. 3(d). It was
not possible to fit this curve solely with contributions from
®Fe (162 ms), ®Co (180 ms), and a constant background.
If the half-life of ®Fe is fixed to 162 ms, the ®°Co half-life
required for an acceptable fit is greater than 500 ms, more
than a factor of 2 larger than measured in the decay of
%Co produced in fragmentation. The inconsistencies in the
%Co B-decay half-lives require the presence of an additional
B-decaying state along the ¥Fe — ®Co — ®Ni chain.
In principle, this longer-lived state can be placed in either
Fe or ®Co. However, if it is assumed to be in ®Fe, with
a single B-decaying state in %°Co, the absolute intensities of
the %°Co B-delayed transitions should be identical between
the data presented above and previous studies [6]. Table I
presents absolute intensities extracted based on the observed
y-ray intensities, the absolute efficiency of SeGA, the number
of B-decay electrons attributed to %9Co, and the total number
of ions produced.

Inspection of Table I reveals inconsistent values for the
absolute intensity of the p-delayed transitions from ®Co
across the three studies. The y rays reported by Mueller ef al.
[6], at 1128, 1319, 1343, 1545, and 1642 keV, but not placed
in their %Ni level scheme, are observed in Fig. 2(b) but barely,
if at all, in the decay spectrum of directly produced ®Co.
As a result, the presence of multiple S-decaying states in
Co is proposed. It is suggested that the study of Ref. [6]
observed the production and decay of both isomers. The
half-life of 180(20) ms is adopted for one of the B-decaying
states in ®Co, based on the similarity of the half-lives
extracted from the directly produced %°Co decay curves with
and without a 594-keV y-ray coincidence requirement. Any
contamination from the longer-lived activity in the directly
produced ®Co would lower the adopted half-life value for the
short-lived state. Using both the ®Fe and % Co half-lives results
in the requirement for a longer-lived, 750(250)-ms, ®Co
state.

The level structure of ®Ni was established by both the 8
decay of ®°Co [6] and the isomeric decay of the 17/2~ state
[29]. The salient features include a ground state associated with
a vgg,p configuration, an isomeric level at 321 keV of vpf/l2

character, and a v ]‘5_/2l state at 915 keV that decays to the 1/2~

isomeric state via the 594-keV transition. The short-lived **Co
level has been assigned a 7/2~ spin and parity, based on the
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b4 ff/é configuration observed in all other odd-A Co isotopes, a

log ft value tothe 5/2~ state in ®Ni consistent with an allowed
decay, and the lack of an observed B-decay branch to the 1/2~
isomeric state at 321 keV. A second B-decaying state in ®Co
must have AJ > 3 to account for the observed isomerism.
The much larger relative intensities of the y rays at 1128 and
1319 keV in the Fe —% Co —% Ni chain compared to
the decay of directly produced ®*Co suggest a low spin for the
levels depopulated by these two y rays. The fact that these
two transitions are not observed in the decay sequence of the
17/2~ isomer supports this conclusion. Hence, a low spin is
assigned for the proposed 750-ms isomer. A tentative 1/2~
level is known in both ®Co [30] and ®’Co [31] at 1095 and
492 keV, respectively, which is attributed to proton excitations
across the Z = 28 shell. Thus, the longer-lived g-decaying
isomer in %Co is, tentatively, proposed to correspond to a
low-energy (1/27) state similar to 67Co.

Limits can be placed on the energy of this supposed 1/2~
state relative to the 7/2~ level, based onthe M3,1/2~ — 7/2~
transition in neighboring ’Co [31]. Assuming that the M3
strength for the 1/2~ — 7/27 transition is the same in ®’Co
and %°Co, the energy difference above which the state would
decay strictly through y-ray emission can be determined. The
y-ray branch in ®’Co is taken as 80% [31]. Solely for the
purpose of establishing this limit, using a y-ray branch in
Co of 100% for the 1/2~ — 7/2~ transition implies an
energy separation of 467 keV. If the energy separation is
greater than this value, the decay of the state should proceed
through y -ray emission. Since only the S-decay emission has
been observed, either the energy separation is lower than
this value or the strength of this transition in ®Co is not
the same as in ®’Co. To provide another point of reference,
if the transition strength is lowered by an order magnitude
corresponding with some of the weakest known M 3 transitions
in this region [32], then the energy difference is 661 keV.
Unfortunately, it is not possible to determine the relative
order of the two pB-decaying states, based on the current
data.

In previous studies of excitations in 7'Cuy, populated by
B decay [33], fragmentation [29], and multi-nucleon transfer
[34], 11/27 and 9/2 levels were identified on top of a 7/2~
state at 981 keV that could be interpreted as the head of an
intruder band [15], in analogy with the sequences reported in
67Cu [35]. Identification as a possible intruder band head was
strengthened somewhat when another low-energy 7/27 level at
1189 keV was populated in Coulomb excitation [36]. Recently,
the lifetimes of both these 7/2~ states were determined [37]
and a rather large B(E?2) value [44(2) e*fm*] was found for
the 981-keV line, even though it is roughly one fourth that
of the 1189-keV transition. This rather large B(E?2) value for
the 981-keV transition seems to argue against a single-hole
character for this 7/27 state, with its hindrance with respect
to the 1189-keV transition possibly due to the nature of the
"ICu ground state [38]. New levels associated with the band
starting at 981 keV have now been identified in a multinucleon
transfer reaction between "°Zn and 2°Pb presented herein.
The details of the experiment have been reported in previous
work—in particular, that reporting a study of ®*Ni levels
[39]—and are only briefly summarized here. Excited states

PHYSICAL REVIEW C 92, 024319 (2015)

17/27) 3431

(15/2~ 2971
2756 (19/27)
<13/§’ 235576 2623 ss2- 271
% 998
650 495
% % 603 /2728 | (1/20)
= (m/2= 1973
’2 520 6/76 939
3 gep9/2= ¥ 1453
© 472 80 § 7/2-
v 7/2" 981
855
447 /
A 5/2 534 189
534
200 400 600 800 1000 Voo ¥ s>
E. (keV)
Y 71Cu

FIG. 4. (Color online) Location of the y rays identified in the
present work in the level scheme of 7'Cu, establishing the band to a
spin of (17/27). The lifetime of the 2756-keV 19/2~ state was taken
from [29].

in odd-A Cu isotopes were populated using reactions of a
440-MeV 7°Zn beam on a 50 mg/cm? 2%8Pb target located at
the center of the Gammasphere array [40]. Beam pulses were
separated by 412 ns and were approximately 0.3 ns wide. The
data were accumulated using a minimum y-ray coincidence
requirement of 2 or 3; see Ref. [39] for additional details.
Four new transitions were identified and organized as given
in Fig. 4, extending the sequence on top of the 7/27 level
from 11/27 to (17/27). Thus, this observation confirms the
presence of an intruder band of sizable deformation, built on
a 7/2~ level that can be associated with a 7/27[303] Nilsson
state.

It is now possible to interpret these data as key to
establishing a fully complementary set of proton intruder levels
near ,gNi, when combined with recent experimental studies of
both 93-67Co3g 40, where tentative low-energy 1/2~ levels had
already been identified [30,31], and 67'69Cu38,40, where AJ =
1 sequences had been reported [14,35,41,42]. The systematics
of the proton intruder levels in this region can be found
in Fig. 5. Again, analogous to Fig. 1, the schematic proton
excitations across the Z = 28 shell presented in Fig. 5 provide
the expected, dominant proton configurations of the intruder
states with the qualification that the neutron occupancies are
altered from their simple, spherical shell-model occupancies.
A dramatic drop in the excitation energy of the intruding 7/2~
level by roughly 1.4 MeV is observed between %’Cusg and
"ICuy,. A parallel decrease is seen for the (1/27) level in the Co
isotopes between N = 38 and N = 40. If the energy reduction
follows the same trend as that found in the Cu isotopes, it could
lead to an inversion in the order of the 7/2~ and 1/2~ states in
%Co. Sieja and Nowacki suggested [43] that while the simple
two-particle one-hole proton excitations shown at the top of
Fig. 5 are a reasonable description for 7-%Cusg 40, they cannot
account for the significantly lowered position of the 981-keV
7/2~ level in "'Cuy. Instead, they indicate a more deformed
structure, such as a Nilsson framework, provides a better
description which is also consistent with the lower position of
the prolate 05 level in isotonic "’Nigy. The Nilsson K = 1/2~
[321] configuration previously assigned to the 1/2~ isomer
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FIG. 5. (Color online) (top) Single-particle level ordering for the
Co and Cu isotopes. “Normal” proton configurations in Co (Cu)
consist of a proton hole (particle) below (above) Z = 28. Schematic
particle-hole excitations in the Co, Ni, and Cu isotopes are also shown;
see text for details. The experimentally observed spins and parities of
the deformed intruder states are obtained from the projection of the
angular momentum on the symmetry axis. (bottom) The energies of
the Cu (7/27) (copper-colored) and Co (1/27) (blue) intruder levels
with respect to their ground states. The energy of the Co intruder states
were taken from Refs. [30,31]. The range of values for the energy
difference between the two states in ®Co were determined from two
different assumptions for the strength of the unobserved M3 y-ray
transition; see text for details. The energies of the experimentally
observed intruding 2% levels in the even-even Ni isotopes are shown
divided by two (black solid line) along with theoretical calculations
(black dashed line) [17,47].

in 7Coyq is seemingly also appropriate for the S-decaying
low-spin isomer in Coys,.

The major experimental and theoretical strides made
recently in the study of the even 0%%79Nisg 404, nuclei
are of equal importance. Detailed data for %*Ni have been
reported [39,44-46] and are complemented by new Monte
Carlo shell model (MCSM) calculations [47,48] with the
A3DA effective interaction [47], which explicitly allows for
proton excitations across the Z = 28 shell. Proton intruder
configurations manifesting as low-energy excited 0" states
have been observed or suggested in all three °*-6%7°Nji isotopes
[16,46,49]. Deformed bands built on top of these 0" intruder
states have been proposed and the associated 2 band members
are compared, in Fig. 5, to the tentative 1/2~ and 7/2~ levels
in Co and Cu, respectively, after dividing the 2% energies
by a factor of 2 to roughly accommodate the difference
between the two-particle-two-hole excitation in Ni and the

PHYSICAL REVIEW C 92, 024319 (2015)

particle-hole one in either Cu or Co. The MCSM calculations
are able to reproduce the drop in the energy of the proton
intruder 27 states in ®79Ni. Inspection of the 2% state wave
functions reveals that these states are members of strongly
prolate-deformed rotational bands [17] in both nuclei. It
should also be noted that shape coexistence was identified
in both ®%Ni in global calculations [32] which did not,
however, identify 7°Ni as possessing a strong prolate-deformed
minimum.

The systematics of the proton intruder levels near Z = 28
of Fig. 5 compare favorably with the behavior seen in both the
Z ~ 501In, Sn, and Sb isotopes (Fig. 1) and the Z ~ 82, T1, Pb,
and Bi region. In all three areas of the nuclear chart, a parabolic
decrease of the intruder state excitation energy is observed and
a minimum is reached midway slightly above the midpoint
between the neutron closed shells at N = 42 for the Co, Ni,
and Cu region. The MCSM calculations predict triple shape
coexistence in ®Ni involving spherical, prolate, and oblate
configurations. The situation parallels the development of
triple shape coexistence in '**Pb [10]. Thus, the proton intruder
states identified in the Co, Ni, and Cu region appear to be linked
to the presence of shape coexistence. Furthermore, the present
results are in line with other studies presenting evidence for
shape coexistence in this region, based on high-spin levels
in Cr and Fe isotopes [50], and additional investigations
pointing to a systematic maximum in collectivity along
N =42 isotones below Ni [51], though measurements are
still needed in the N = 44 isotones of Cr, Fe, Co, and
Cu.

In summary, proton particle-hole intruder states originating
from excitations across Z = 28 were identified in the N = 42
isotones ®Co and 7'Cu. These new data along with the
MCSM calculations provide the key pieces of information
to reinterpret the region around the Ni isotopes in terms
of spherical-deformed shape coexistence originating from
particle-hole excitations. The Ni region now exhibits similar
patterns to those observed in heavier Sn and Pb isotopes
herewith suggesting the ubiquitous nature of these types
of excitations for closed proton shells with Z > 28. The
implications are that structures similar to those observed near
116Sngs, '86Pb)g4, and now *¥Niyg, can also be expected [17]
at midshell for heavier Sn and Pb nuclei near N = 104 and
N = 154, respectively.
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