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Shape coexistence near closed-shell nuclei, whereby states associated with deformed shapes appear at
relatively low excitation energy alongside spherical ones, is indicative of the rapid change in structure
that can occur with the addition or removal of a few protons or neutrons. Near %8Ni (Z = 28, N = 40),
the identification of shape coexistence hinges on hitherto undetermined transition rates to and from low-
energy 07 states. In 6870Ni, new lifetimes and branching ratios have been measured. These data enable

quantitative descriptions of the 0" states through the deduced transition rates and serve as sensitive
probes for characterizing their nuclear wave functions. The results are compared to, and consistent with,
large-scale shell-model calculations which predict shape coexistence. With the firm identification of this
phenomenon near %8Ni, shape coexistence is now observed in all currently accessible regions of the
nuclear chart with closed proton shells and mid-shell neutrons.

© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Nuclei exhibit shell structure, a characteristic of finite, many-
body quantum systems. The evidence for shell structure is exten-
sive, with one example being the sudden drop in nucleon separa-
tion energy that occurs at so-called magic numbers 2, 8, 20, 28, 50,
82, and 126 [1]. Nuclei near closed shells are typically spherical in
their lowest-energy states. Levels associated with the excitation of
nucleons across shell gaps are thought to be located at the high
excitation energies corresponding to the size of the gaps. However,
residual proton-neutron interactions can stabilize excitations across
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the closed shells while driving the nucleus towards deformation.
As a result, low-lying collective bands sometimes appear along-
side the spherical states [2]. This shape coexistence is observed
in the heavier-mass Pb [3] and Sn regions [4-7] and has recently
been proposed for the neutron-rich Ni region [8-12]. The exci-
tation energy of the deformed, coexisting states decreases when
moving away from a shell closure towards mid-shell, where it min-
imizes. Examples have been extensively documented in even-Pb
isotopes centered on l86Pb104 [2], and even-Sn isotopes, centered

n '18Sngg [13], both located near the middle of the N = 82-126
and N = 50-82 shells, respectively. However, these trends are ap-
parent only after the individual states in various nuclei are grouped
together according to their underlying configurations. To this end,
electromagnetic transition rates and branching ratios are important
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experimental probes of nuclear wave functions, enabling proper as-
sociation of the levels of interest.

Confirming shape coexistence in neutron-rich Ni isotopes would
establish the phenomenon in all proton shells midway between
two neutron magic numbers. This would, in turn, enable a-priori
predictions of the regions of N and Z where shape coexistence will
manifest itself and have implications for other fields. Astrophysical
abundance predictions for explosive stellar processes such as the
rapid neutron capture process (r process), which proceeds through
very neutron-rich nuclei, are sensitive to a number of nuclear de-
cay properties. Shape coexistence can bring about rapid changes in
the ground-state properties of exotic nuclei over a relatively small
span of either neutron or proton numbers and significantly affect
half-lives, as has already been demonstrated in the Zr-Mo region
[14].

In even-even nuclei, a signature of shape coexistence is the
presence of multiple, low-lying excited 0 states. Three low-energy
0% levels are known in %8Ni: the ground state, the first excited
state at 1604 keV [10,15,16], and a 0% level at 2511 keV [17,18].
These three 07 levels have been associated with spherical, oblate,
and prolate shapes, respectively, based on comparisons with large
scale shell-model calculations [10,19,16,20]. The establishment and
characterization of shape coexistence within a nucleus requires
going beyond energy and spin-parity assignments of the nuclear
levels to, for example, determining absolute transition strengths
and mixing parameters. Information on reduced transition prob-
abilities acts as a fingerprint of different nuclear configurations
and the degree of overlap between the nuclear wave functions in-
volved [2]. Along the same lines, electric monopole (EQ) transition
strengths between 0% states reflect the mixing of configurations
with different mean-square charge radii. Large-scale, shell-model
calculations indicate the importance of configuration mixing in un-
derstanding the low-energy level structure of 58Ni [15,18,12,21,22,
19]. Herein, we report on the 05 level lifetime and the 2] — 05
branching ratio which, when combined with the EO transition
strength, provide a clear signature for coexisting spherical and de-
formed configurations. Furthermore, this first observation of the
weak ZT — 0; branch enables the determination of the ratio of
electric quadrupole transition probabilities from the 21+ state to
both the 0] and the 0] levels. Within a two-level mixing model,
this yields the first fully quantitative picture of shape coexistence
in 8Ni. This new result matches theoretical predictions without
the need for any additional assumptions other than those implicit
to the two-state mixing model.

Upon addition of just two neutrons leading to 7°Ni, the expecta-
tions for shape coexistence differ. Some models predict spherical-
prolate shape coexistence [10,19,16] while others predict no shape
coexistence at all [23-25]. The recent observation of a tentative
0t state at 1567 keV in 7ONi [11] suggested a drop in excitation
energy of the prolate potential minimum, in line with theoretical
expectations for the neutron-rich, even-Ni isotopes. The measure-
ment of the 05 level lifetime in 7°Ni, also reported here, results in
a transition strength comparable to that observed for the prolate
05 state in ®8Ni.

An experiment was performed at the National Superconducting
Cyclotron Laboratory (NSCL) to study low-lying 0% levels in 5870Ni.
Radioactive ions of ®8Fe and 7°Co were produced through fragmen-
tation of a 6Ge primary beam (E = 130 MeV/A) on a ?Be target.
The A1900 spectrometer [26] was employed to separate fragments
of interest from other reaction products. These fragments were
transmitted to the experimental end station, which consisted of
three silicon PIN detectors located approximately 1 m upstream
of a central implantation scintillator. Incident ions were identified
on an event-by-event basis using AE — TOF techniques and de-
posited 2-3 mm deep in a 5.2 cm x 5.2 cm x 1 cm thick pixelated,

fast plastic scintillator coupled to a position-sensitive photomulti-
plier tube [27]. The position and arrival time of each implanted ion
was recorded and correlated with subsequent B-decay electrons
using spatial and temporal information. The 8 decay of %8Fe was
used to selectively populate the low-spin isomer in 8Co, which
subsequently fed states in ®8Ni. The 8 decay of 7°Co was used to
investigate excited states of 7°Ni. The central implantation scin-
tillator was surrounded by two ancillary photon detection arrays.
Ten LaBrs(Ce) detectors were placed in two annular rings sur-
rounding the central implantation scintillator and the Segmented
Germanium Array (SeGA) [28], with 16 high-purity germanium de-
tectors, was arranged into two concentric rings of eight detectors
each. Beta-delayed y rays measured in the two ancillary arrays
were observed within two seconds of the arrival of a 79Co ion
or four seconds of a %Fe jon. All detectors were read out with
the NSCL digital data acquisition system [29]. Absolute y-ray ef-
ficiencies were determined with a calibrated '3415Eu source and
matched to GEANT4 [30] simulations.

Timing walk corrections between the implantation scintillator
and the LaBrs(Ce) detectors were determined using a %°Co source
and a technique described in Ref. [31]. The time properties of the
system were verified by gating on the 1077-keV, 27 level in ®8zn
(t12 = 1.6 ps), a long-lived daughter product of ®8Fe. The short
half-life is below the experimental sensitivity and the intrinsic
time resolution of the system is shown in Fig. 1(a).

Longer level lifetimes will appear as a shift in the centroid of
the prompt response or as a tail at larger time differences. The
time-difference spectrum of Fig. 1(b) was created by gating around
the 6] — 4] 448-keV, 7°Co, B-delayed y ray in the LaBrs(Ce) de-
tectors. The profile of the background was obtained from an energy
gate placed below the 448-keV peak (to avoid potential contami-
nation from the 478-keV y ray) and is indicated by the dashed
line in Fig. 1(b). The best-fit lifetime in the convolution of Gaus-
sian and exponential functions is shown with the thick solid line
in Fig. 1(b) and resulted in a half-life of t1,2 = 1.04(6) ns for the
6T state, in good agreement with the t1/2 = 1.05(3) ns value re-
ported by Mach et al. [32].

A half-life of 0.57(5) ns for the 05 state in 58Ni was extracted
with a gate on the 478-keV, 0 — 2] y ray using the decay curve
presented in Fig. 1(c). Lastly, the half-life of the (03) level in 7ONi
was determined by fitting the time-difference spectrum [Fig. 1(d)]
generated by gating on the 307-keV, y-ray region in the LaBrsz(Ce)
detectors corresponding to the (03) — 2 transition [11], resulting
in a half-life of /2 =1.657532 ns.

In addition to measuring the half-life of the 05 state in ®8Ni,
the first experimental observation of the 430-keV, ZT — Ozr tran-
sition is reported. The 2] — 0 branching ratio in ®8Ni was de-
termined in a separate experiment performed at the NSCL and
described in Ref. [11]. Only the salient features are repeated here.
Using the same primary and secondary beams, the ions were im-
planted 1 mm deep into a planar Germanium Double-Sided Strip
Detector (GeDSSD) [33] and B-delayed y rays were recorded using
SeGA. The unique nature of the experimental signal resulting from
the decay of the 02+ isomeric state provided for a sensitive identifi-
cation of transitions populating it [10], including the low-intensity,
430-keV transition. This y-ray spectrum is presented in Fig. 2(a)
and expanded around the 430-keV region in Fig. 2(b). After in-
corporating both the y-ray and 02+ isomer detection efficiencies,
the absolute intensity of the 430-keV y ray was determined upon
comparison with that of the 2033-keV, 2] — 07 transition and re-
sulted in a 0.12(3)% branch. Using the branching ratio and lifetime
of the 2] — 05 transition in ®Ni, the measured B(E2:2} — 07)
transition probability is 147(46) e2fm*.
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Fig. 1. (a) Time difference between the LaBrs(Ce) array and the implantation scin-
tillator, arbitrarily offset by 1000 ns, illustrating the prompt response for the
1.61(2)-ps, 1077-keV, 2§ — 07, %8Zn transition. (b) Time difference gated on the
448-keV, 67 — 4" transition in 7°Ni. The curve was fit with a background sampled
at an energy just less than the peak and a weighted linear combination of Gaus-
sian detector responses convoluted with an exponential decay. (c) Time difference
gated on the 478-keV, 05 — 27, ®8Ni transition. The background shown was sam-
pled at an energy just less than the peak. (d) Time difference gated on the 307-keV
(03) — 2{ ONi transition. The background shown was sampled at an energy just
greater than the region of interest.

An upper limit was placed on the intensity of the 907-keV,
05 — 0 EO transition based on non-observation of the 1515-keV,
(23) — 07 transition in the spectrum of y rays populating the 0
isomer [Fig. 2(c)]. An upper limit on the intensity of the 2511-keV,
05 — 07, EO decay was based on the lack of a 1515-511-keV coin-
cidence, where a 511-keV signal would originate from the internal
pair-production decay of the 2511-keV, 0; — O;L transition. The
intensity limits result in branching ratio limits of BRgp7 < 0.0018
and BR3511 < 0.0173. Limits on monopole transition strengths
were determined using the level lifetimes and electronic factors
from the Brlcc code [34]. The summed EO branch out of the 0;r
state is consistent with the limit found in Ref. [16]. The branching
ratios and half-life results are given in Table 1 and the low-energy
level scheme summarizing the new experimental information is
provided in Fig. 3.

Using a simple, two level mixing model with spherical and de-
formed unmixed states and assuming significant mixing only for
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Fig. 2. y-ray spectrum recorded in SeGA coincident with the ®Ni 05 — 07 tran-
sition, (a) from 100 to 2500 keV, (b) around the 430-keV 2{ — 03 transition, and
(c) around 1515 keV, the location expected for the (2;) — 0; feeding transition.

the 0T states, information on the mixing and deformation dif-
ference between the 0] and 0] states in ®®Ni can be obtained
using the relation B(E2:2] — 0)/B(E2:2] — 0J) ~ tan? 6 [36],
where 6 is the mixing angle. A previous experiment placed a limit
of cos? 6 > 0.7 from complementary data on relative cross sections
populating the 0] and 05 states in the ®®Ni(t,p)®®Ni reaction [37,
38]. From the B(E2) values of Fig. 3 and Table 1, a mixing ampli-
tude of cos?26 = 0.74(7) is determined (for reference, in the case
of maximal mixing cos?6 = 0.5). While the work in Ref. [37] was
unable to distinguish between values representing a strong mixing
between the pi,, and gg,2 orbits and those for a nearly closed-
shell configuration, the present results clearly favor the mixed
wave functions.

The magnitude of the electric monopole matrix element can
be written using the relationship p?(E0) = (Z2/R{)cos?0(1 —
cos20)[A(r?)]®, where A(r?) is the difference in mean-square
charge radii between states involved in the decay [42]. Using the
known value p?(E0: 0] — 0) = 0.0076(4) [10] and the mix-
ing angle calculated from this work, a difference in mean-square
charge radii of 0.17(2) fm? was determined. Under the assump-
tions of a spherical OT state and an axially symmetric deforma-
tion, an absolute value of the intrinsic quadrupole moment of
93(5) efm? is obtained for the 02+ state. This value is consistent
with the prediction of —95 efm? made earlier [10].

To appropriately describe the results in Fig. 3 and Table 1, the-
oretical calculations must simultaneously reproduce a large B(E2:
2] — 03) value, a low 05 energy, and the measured 03 half-life in
®8Ni combined with the new 0] lifetime in 7°Ni. Numerous the-
oretical studies have been performed to understand structure in
the vicinity of ®8Ni [19,21,22,43-45]. A significant dividing line be-
tween theoretical treatments is whether proton excitations across
the Z =28 gap are included. The JUN45 interaction (among others;
see e.g. Ref. [10]) explicitly prohibits proton excitations and consid-
ers a model space containing the fs/3, p3/2, p1/2, and gg,2 neutron
single-particle orbitals. The interaction is able to reproduce the
energy of the 05 state in ®®Ni, as can calculations that use interac-
tions developed in the larger fpge,2ds;» model space for protons
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Half-lives, branching ratios, and either absolute B(E2) in e2fm* or p2(EO0), depending on the nature

of the transition.

111

Nucleus Jr t1)2 JF BR B(E2) p%(E0)
68 Nj oy 268(12) ns? of 1.0 0.0076(4)
27 031(5) ps” of 0.99975:991 52.5(84)
oF 1.2(3) x 1073 147(46)
05 0.57(5) ns of <0.0173 <0.0050
05 <0.0018 <0.0258
2f > 0.981 39.0(34)
7ONi ©03) 1.65753% ns 2] > 0.66 > 58
of <033 <0.54
2 from Ref. [10].
b from Ref. [35].
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Fig. 3. Half-lives and transition strengths of the lowest four states in ®Ni compared to theoretical predictions [16,39]. Half-lives of the states, where known, are given on the
upper left side of each level with the associated energies (in keV) on the lower left side. Unobserved transitions are indicated by dotted lines. Electric monopole transition
strengths are given for the EO transitions. B(E2) values are labeled in e2fm*. Experimental values for the 7ONi, 2; state half-life and B(E2) strength are adopted from
Ref. [40]. Note that, while LNPS predictions of the 7°Ni B(E2:0§ — 27) value have not been published so far, Ref. [41] indicates a calculated B(E2:2{ — 0F) value of

102 e2fm* (not shown).

and neutrons, such as shell-model calculations using the LNPS ef-
fective interaction [22] and the Monte Carlo Shell Model (MCSM)
using the A3DA interaction [19]. This is consistent with the inter-
pretation of the O;“ state as predominantly due to the excitation of
a pair of neutrons across N =40 into the vgg,, orbital [10,15,16].
The difference between the model spaces is apparent in the energy
of the 0; level, with only the newer, larger model spaces predict-
ing its energy below 3 MeV. The wave function of this Ogr state
in %8Ni is dominated by proton excitations across Z = 28. The im-
portance of proton excitations has also been demonstrated in the
one-proton hole nuclei 6>6769Co [46-49] Along with the accurate
reproduction of level energies, the LNPS and MCSM calculations
further suggest shape coexistence in ®8Ni with each of the 07, 05,
and Ogr states associated with spherical, oblate, and prolate shapes,
respectively [10,19,20].

The experimental data are compared to predicted lifetimes and
B(E2) strengths in Fig. 3 and Table 1. The 0;“ half life is predicted
to be either 108 ns or 1.5 ns using the A3DA or LNPS effective
interactions, respectively. The MCSM calculations overestimate the
half-life while the LNPS ones provide the correct order of magni-
tude. For the half-life of the 7°Ni (03) level, the MCSM predicts a

value of 7.2 ns [39]. This is better agreement than what is found
for the ®8Ni 0 state. However, there is room for improvement
within both the shell-model and MCSM frameworks to better re-
produce the half-lives of these excited 07 states.

The B(E2:2] — 03) value in ®Ni is consistent with ei-
ther interaction (Fig. 3, Table 1) and provides strong experimen-
tal support for associating the 2] and 05 states with a sim-
ilar configuration, as was previously discussed in Refs. [15,16].
For the B(E2:03 — 2) probability in ®®Ni, a 98.1% branching
ratio was adopted while for the B(E2: (O;) — 2?’) probability
in 7°Ni, a measured branching ratio limit of > 66% corresponds
to a lower limit (20') of > 58 e2fm®. In order to determine an
upper limit, the assumption of a 100% branch corresponds to a
value of 12872; e?fm®. Both the B(E2: (07) — 2) value in 7°Ni
and B(E2:05 — 2{) value in ®8Ni are similar in magnitude and
both are above theoretical expectations (Fig. 3, Table 1). Unfortu-
nately, there are no predictions of the electric monopole transition
strengths at this time, and this remains an area for advancement
of the theoretical description of this region.

These results constitute the first quantitative description of the
first two 01 states in ®8Ni where the degree of mixing of nuclear
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configurations with different mean square charge radii has been
determined within a two-level mixing model without assuming
maximal mixing, as was done in prior studies. When combined
with the presented results on 7°Ni that find good agreement with
MCSM calculations describing the depth of a prolate well alongside
a spherical minimum, altogether these results settle the question
of whether there is shape coexistence in the Ni nuclei comparable
to that in Sn and Pb nuclei.

Shape coexistence has now been observed accompanying all
proton closed shells at and above Ni (Z = 28) between neutron
shell closures. As a result, the same phenomenon should be ex-
pected in more neutron-rich regions directly in the path of the r
process, such as those centered on neutron-rich 1>#Sn and 220Pb.
The nucleus '>4Sn is located on the low-mass side of the rare-
earth peak that has received considerable attention as a possible
distinguishing feature of r-process sites. Shape coexistence would
significantly affect half-lives without substantially altering relative
mass differences in these regions and could have an impact on
the resulting abundance distributions [50]. Direct observation of
shape coexistence in these nuclei is a considerable challenge, so
the knowledge supplied from other regions where shape coexis-
tence has been characterized is relevant to predicting the location
and extent of deformation in the r-process path.

In summary, new half-life measurements of the 0; and (O;)
states in %8Ni and 7°Ni, along with the measurement of the pre-
viously unobserved 2] — 0F branching ratio in ®8Ni, have al-
lowed for the determination of many new electric dipole transition
strengths as well as placed limits on electric monopole transi-
tion strengths. In particular, the ratio of B(E2 : ZT — 03' ) and
B(E2:2] — 0f) strengths in ®Ni led to a mixing amplitude of
0.74(7) between a deformed excited state and a spherical ground
state within a two-level mixing model. This determination enabled
a fully quantitative calculation of the difference in mean-square
radii of 0.17(2) fm?; the first of its kind requiring no assumptions
on the amount of mixing. The comparison of results to large-
scale shell models validates the interpretation of shape coexistence
through fully characterized experimental quantities.
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