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Properties of low-lying states in % Co from lifetime measurements
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The low-energy structure of ®Co was studied by means of y- and fast-timing spectroscopy at the
ISOLDE/CERN facility. The known level scheme of ®Co populated following the f~ decay of %Fe was
expanded. The experimental results were compared with large-scale shell-model calculations. The measured
long lifetime of the (1/2]) level confirms its nature as a highly collective state with proton excitations across the

Z = 28 gap and neutrons across the N = 40 subshell.
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I. INTRODUCTION

The region around *®Ni (Z = 28, N = 40) has motivated
many recent experimental and theoretical studies, aimed at
understanding the nuclear structure in this region with a large
neutron excess. The weakening of the N = 40 subshell gap
just two protons below ®Ni has been documented extensively
by deformed ground states in %Fe [1-4] and *Cr [5,6],
which was interpreted as the center of the fourth island
of inversion N = 40 by shell-model calculations using the
Lenzi-Nowacky-Poves-Sieja (LNPS) interaction [7].

Neutron pair promotions across the N = 40 gap are re-
sponsible for the deformation of the ground states of the Fe
and Cr isotopes and thus have been intensively studied in
this region. Because of the persistence of the large energy
gap, proton excitations across Z = 28 to the pf shell are not
as well documented. In %Ni, the 0; state at 2511 keV (first
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reported in Ref. [8]) has been confirmed to be of proton 2p-2h
character in a 2 p transfer reaction [9]. Large-scale shell-model
calculations required high-rank neutron np-rh excitations to
the go/» and ds), orbitals as well as proton excitations across
Z = 28 to reproduce the energy [7,10] of this level and B(E?2)
transition probability to the 2;* state at 2033 keV [11]. In
the neighboring %°Ni, this proton-excitation prolate 0 was
observed at 2965 keV [12]. Shell-model calculations predict
that these proton excitations will be more or less constant
along the Ni isotopic chain, with such a state as the 0," at
2.65MeV in "8Ni [13]. This has been shown as a proof of the
persistence of Z = 28 shell gap up to N = 50.

There is no experimental information on proton excitations
available below *®Ni and no such state has been observed in
®Fe as predicted by shell-model calculations at 2.79 MeV [3].
Similar calculations are not yet available for a hypothetical
proton excitation state in *Cr. With an effective single-
particle energy (ESPE) gap between the 7 f7/, and the fp shells
of ~6MeV for ®8Ni [14,15], it is not surprising that all proton
excitations in the region have been found above 2.5 MeV.

The situation is very different for the odd-A nuclei be-
low Z =28. For the Co chain, only one proton below
%8Ni, Pauwels and collaborators [16] reported a (1/27) B~-
decaying isomer in ©’Co [g.s. J™ = (7/27)] as the first excited
state at 491.6 keV. Unlike most other states for odd-A nuclei

©2019 American Physical Society
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around ®*Ni, this state could not be interpreted as a single
particle or hole coupled to the neighboring even-even Ni
core. It was, thus, proposed as a proton excitation across the
Z = 28 gap at an unexpectedly low energy. In a subsequent
publication, Pauwels et al. [17] identified a similar (1/27)
state in ©Co that they tentatively proposed as a proton intruder
in similarity with ®’Co. Unfortunately, realistic shell-model
interactions for the region were out of reach for the compu-
tational power at the time, so calculations were not available
to support the proton intruder interpretation of these states.
With no additional experimental information, the tentative
assignment was only based on systematics.

While in a multinucleon reaction °Zn + 2*¥U Recchia and
collaborators [18] did not populate the (1/27) states in either
%5Co or ®’Co, they performed shell-model calculations using
the LNPS interaction [7]. Their results clearly showed the
presence of a deformed rotational band built on a proton
intruder 1/27 in Co isotopes when approaching N = 40.

In this paper, we report on the low-energy structure of >Co
populated in the 8~ decay of ®*Mn. Our fast-timing study
confirms and expands the level scheme presented in Ref. [17].
More importantly, making use of the advanced time delayed
(ATD) method, we measured the lifetimes of the first three
excited states [including the (1/27) proton intruder state]
and set upper limits for another three. We also expand the
large-scale LNPS calculations presented in Ref. [18], focusing
in the % Co nucleus and on the prolate rotational band.

II. EXPERIMENT

The experiment was performed in the ISOLDE facility
at CERN [19]. Isotopes of ®>Co were populated in the g~
decay chain of A = 65 isobars, starting at Mn. The 1.4-GeV
protons from the pulsed CERN Proton Synchrotron Booster
impinged on an UC, target in intervals multiple of 1.2 s,
inducing high-energy fission. The produced radioisotopes
were thermally released from the target and manganese atoms
were ionized by the ISOLDE Resonance Ionization Laser Ion
Source (RILIS) [20]. Ions with A = 65 were mass separated
and implanted on a thin aluminum foil in the center of the
experimental setup. Without a moving-tape system to remove
the decay products, a saturated source was created that in-
cluded the complete A = 65 chain. A fast plastic scintillator
acted as B-particle detector and was placed 1-2 mm behind
the deposition point. Two truncated-cone shaped LaBr;(Ce)
crystals [21] coupled to Photonis XP20DO photomultipliers
were used for y-ray fast timing. The setup was completed
by two HPGe detectors. Analog time-delayed By (t) coin-
cidences between the f and each one of the y scintillators
were set up using constant fraction discriminators (CFD)
and time-to-amplitude conversion (TAC) modules. The fast-
timing analysis is based on By time distributions between
the B and LaBr3;(Ce) detectors and By y(¢) distributions
including the former with an additional condition on HPGe
energies. Further details on the experimental station and data
acquisition strategy can be found in Ref. [22].

This publication is part of a wider fast-timing campaign in
which several neutron-rich isotopes below *Ni were studied
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FIG. 1. HPGe energy spectrum with the ®*Fe activity enhanced
and the %Co transitions identified; Mn activity and long-lived
contaminants have been subtracted. *, transitions observed in the
8mBe (J© = 9/2%) decay. V, transitions observed in ®*Ni.

[3,22-25]. A review of the published results so far can be
found in Ref. [26].

III. EXPERIMENTAL RESULTS

To enhance the ®Fe — % Co decay, a time condition was
set between 350 and 2399 ms after proton impact on target,
when most of the ®Mn had already decayed away. A singles
HPGe energy spectrum with this time condition is shown
in Fig. 1. The identification of y rays in ®Co is based on
the parent half-life and coincidences with the existing known
transitions [17].

Figure 2 shows the (1/27) ®Fe ground state half-life
measured by gating on the HPGe peaks assigned to %Co
and projected into the time since proton impact. The fit was
performed to an exponential decay plus a constant background
between the second and third proton bunch in the cycle
(between 1.2 and 2.4 s after the proton impact on the target).
This figure shows the fit of the time distribution gated by
the 882.8-keV transition. The final result 77/, = 805(10) ms
is the weighted average of gating different transitions, all in
agreement. The contribution from the unobserved background
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FIG. 2. Half-life of the (1/27) %Fe ground state. The exponen-
tial fit was done after all the >Mn had decayed away (between the
second and third proton impacts of the cycle). See text for details.
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TABLE I. Summary of the observed transitions in the 8~ decay
of ®Fe to ®Co. Transitions previously observed in the ®*"Fe decay
have not been included. *, transitions not observed in Ref. [17]. T,
intensity obtained from y y coincidences.

E, (keV) Ele (keV) El (keV) re
127.3(1) 1222.9 1095.6 22(2)
212.7(1) 1095.6 882.8 12.5(9)
340.2(1) 1222.9 882.8 51(4)
439.1(1)* 1996.6 1557.5 1.7(1)
626.4(2)* 2184.0 1557.5 0.4(1)
674.9(1)* 1557.5 882.8 1.3(1)
736.4(1) 1959.3 1222.9 26(2)
773.8(1) 1996.6 1222.9 4.6(3)
863.9(1) 1959.3 1095.6 1.4(1)
882.8(1) 882.8 g.s. 100(7)
901.2(1)* 1996.6 1095.6 0.9(1)
961.1(1)" 2184.0 1222.9 14(1)

1053.3(1)* 2276.2 1222.9 0.8(1)

1065.5(1)* 1948.4 882.8 0.9(1)

1076.3(1) 1959.3 882.8 11.1(8)

1088.5(1) 2184.0 1095.6 3.7(3)

1113.7(1) 1996.6 882.8 14(1)

1222.8(1) 1222.9 g.s. 21(2)

1557.4(1)* 1557.5 g.s. 2.3(2)

1587.4(1)* 24703 882.8 1.6(1)

1958.8(5)* 1959.3 g.s. 0.1(1)

1996.5(1) 1996.6 g.s. 35(3)

2470.4(5)* 24703 g.s. 0.5(1)

was estimated by adding a constant term to the fit and varying
it within a range of 0 to 50 counts. The uncertainty has been
increased accordingly by 5 ms to account for our inability
to observe and fit this background. The fit was repeated
using the Bateman equations fixing the half-life of ®*Mn
(Th 2 = 91.9(9) ms [23]). The difference was well below the
uncertainty (all ®*Mn has decayed away at 1.2 s). There are
two previous values in the literature: 0.45(15) s [27] and
0.81(5) s [17]. Our result is in agreement with the latter and
increases its precision.

Table I summarizes the observed y transitions attributed
to %Co from this work. Pauwels et al. [17] proposed two
different and independent level schemes for this Co isotope,
each one populated by either the (1/27) g.s. or the 9/21 8-
decaying isomer of Fe. In their work, using a laser ioniza-
tion, they were able to separate both decays. This is not the
case in our work, where we have a cocktail of both decays,
so the relative intensities shown correspond to the natural
admixture of g.s. and 9/27 isomers populated in the ®>Mn g~
decay.

Transitions linking both excited structures have not been
observed either in Ref. [17] or in our study, so the inten-
sities should be in good agreement between both works.
Nevertheless, a number of unobserved high-energy transitions
connecting both level schemes cannot be discarded, and this
would affect the observed intensity and apparent 8 feeding.

Figure 3 shows the level scheme of ®Co populated in the
B~ decay of the ®>Fe (1/27) ground state as observed in this

~ [882.9-keV coincidence gate]
3 0 on N
S Bggg e
o < S S5 oo
o - eeee
N ©
@ 2 -
1000 5 =
T 8
@
= o R
4 [}
3 5 7|7 ew N
< s Ss 5
3 100 S re}
c -~
3
Q
(@]
10
0 250 500 750 1000 1250 1500
Energy (keV)

FIG. 3. HPGe-HPGe coincidence energy spectrum with a gate on
the 882.8-keV transition in % Co.

work. It was built based in yy coincidences between the two
HPGe, as shown in Fig. 4. This level scheme confirms the one
reported in Ref. [17] and expands it with 11 new transitions
and four new levels, due to a factor ~1000 increase in HPGe
y-singles statistics.

Since the experiment was run with a saturated source,
we were able to study the intensity balance of the whole
A = 65 decay chain. Our results support that there is no
direct population of the ground state [upper limit of Iz (g.s)
<0.3%]. We have measured this by comparing the intensities
in Co and Cu [28]. During this analysis, we were not able to
reproduce the intensities of the ®Co — %3Ni decay presented
in Ref. [17]. The most likely explanation is the very large
92(4)% direct population of the ground state. Any relatively
small deviation in that value induces significant changes in
the absolute intensity of the observed transitions in ®Ni.

IV. FAST-TIMING ANALYSIS

To extract the excited states’ lifetimes, we employed the
superior timing resolution of the LaBr;(Ce) and plastic scin-
tillator and the ATD Byy(t) method. Figure 5 shows a
LaBr;(Ce) energy spectrum including the time gates used for
the fast-timing analysis. The method is thoroughly described
in Refs. [29-31] and the particular details for this experiment
can be found in Refs. [22,23].

The half-life of the 882.8-keV excited state was measured
by the centroid-shift method in By y(t) coincidences. Fig-
ure 6 shows the time distributions for the S-340.2(HPGe)-
882.8 (LaBr3) and B-882.8(HPGe)-340.2 (LaBrs) coinci-
dences, with a centroid sift between them of At = 75ps.
To correct the effect of the time walk (despite using CFDs,
the detectors present a different time response for y rays of
different energies), offline 2Na, 8Rb, and '*°Ba sources were
employed. These sources have precisely known half-lives in
the ps range and cover the energy region of interest. Compton
events have a different time response and must be studied
independently. Gates were set on the background above the
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FIG. 4. ®Co level scheme populated in the 8 decay of Fe from this work. Levels and transitions populated in the *"Fe decay have not
been included, even when they were observed in this work.
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FIG. 5. HPGe (red) and LaBr;(Ce) (black, renormalized) energy
spectra with the ®Fe activity enhanced and the most intense %Co
transitions labeled in keV. It is shown with the same conditions as
the fast-timing analysis was performed. *, >Mn decay transitions. *,
%Ga [Ti/>» = 9.49(3) h] decay transitions.

full-energy peaks. Because of the time walk, this Compton
time spectrum was then time-shifted to the right energy using
as a reference the Compton background of a >*Na source. See
Refs. [22,23] for additional details on these corrections. The
same procedure was repeated with the 1113.7- and 882.8-keV
coincidences, measuring independently twice [and each time
with two different LaBr;(Ce) crystals]. The final result is the
weighted average of the four measurements, 7, = 4(4)ps.
The good agreement between the four different measurements
and the fact that the final uncertainty is smaller (before round-
ing) than the value has led us to give a value and not an upper
limit.

Using the same technique, but gating on the 340.2- and
736.4-keV transitions, allowed us to obtain a lifetime of
Tio = 55(6) ps for the second (3/27) state at 1222.9 keV.

882.8-keV level Tq,=4(4) ps Zgg-gig ga:e e
At = g
10 ] ++#++++*+’H§ﬁ_
fﬁ %::
{+ m T
1o1§ FWH ;g ﬁ;
1 o B
Time (ps)

FIG. 6. Mean lifetime of the 882.8-keV excited state. Black cir-
cle: 8-340.2(HPGe)-882.8 [LaBr;(Ce)] coincidence. Red triangle:
B-882.8(HPGe)-340.2 [LaBr;(Ce)] coincidence. The At = 75ps
observed must then be corrected by time walk and the Compton
contribution; see text for details.

TABLE II. Summary of the levels populated in the 8 decay of
%Fe to Co. *, levels not observed in Ref. [17].

Ejevel (keV) B feeding log(f1) T2 (ps) Jx

0 (1/27)
882.8(1) 5(5) 5.9(5) 4(4) 3/27)
1095.6(1) 286)  6.07(10)  1250(20) (1/2°)
1222.9(1) 18(3) 5.23(7) 55(6) 3/27)
1557.5(1)* 0.9(2) 6.43(10)

1948.4(1)* 0.6(1) 6.48(8)

1959.3(1) 24(1) 4.87(4) <90 (1/2,3/27)
1996.6(1) 35(2) 4.69(2) <90 3/27)
2184.0(1) 1127)  5.002) <160 (1/2,3/2°)
2276.2(1)* 0.5(1) 6.44(9)

2470.3(2)" 1.3(1) 5.96(4)

For the levels at 1959.3, 1996.6, and 2184.0 keV, there was
no y-ray feeding from above, so this method could not be
employed. The lack of a delayed component in Sy (t) coinci-
dences allowed us to set upper limits based on the width of
the timing distribution (which strongly depends on the y-ray
energy); see Table II.

The half-life of the 1095.6-keV state was measured in
By coincidences deconvoluting the delayed-time component
from the prompt response by setting a gate on the 212.7-
keV transition in the LaBr;(Ce) detectors (see Fig. 7). This
result was independently confirmed by gating on the 882.8-
keV transition, since the 212.7-keV transition populates the
882.8-keV state, and therefore By (t) coincidences will show
a contribution from the 1095.6-keV state lifetime. The fit was
performed to a Gaussian prompt plus a double exponential
decay to account for the Compton background with a shorter
lifetime. None of the other states with a relatively intense y
ray shows such a long lifetime. Placing a gate in the Comp-
ton background next to the 212.7-keV peak did not show a
slope either. This unambiguously allowed us to attribute the

4
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@ T, ,= 1250(20) ps
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O ]
|
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FIG. 7. Half-life of the 1095.6-keV state measured in By (t)
coincidences using the convolution method with a gate on the 212.7-
keV transition. The fit was done to a Gaussian prompt plus a double
exponential decay.

024321-5



B. OLAIZOLA et al.

PHYSICAL REVIEW C 99, 024321 (2019)

Neutron | Proton

1902 I P12

Ofsiz State
P12 . | k3
| K73

P32

0f7/2

o |
4 2 0 2 4 8 6 4202 46 8

Occupation number

FIG. 8. Occupation numbers from the shell-model LNPS calcu-
lations for neutrons (left) and protons (right). The blue bars show
the occupation of the 7/2~ ground state and the red bars the 1/2~
1095.6-keV state.

1250(20)-ps lifetime to the (1/27) state at 1095.6 keV. The
final result is the weighted average of the four results.

V. SHELL-MODEL CALCULATIONS

To interpret the Co experimental results, we performed
extensive shell-model calculations using the LNPS effective
interaction [7]. In our calculations, *8Ca is taken as a closed
core and the valence space includes the complete pf shell for
the protons and the Ofs/2, 1p3/2, 1pi12, 092, and 1ds), or-
bitals for the neutrons. This involves up to 11p-11h excitations
across the Z =28 and N = 40 gaps. The microscopically
derived effective charges of 1.31 for the protons and 0.46 for
the neutrons were adopted [33]. The calculations used bare g;
and g;, since using effective ones gave negligible differences.

The results for the lowest lying states are summarized
in Table IV. A very similar structure is found for the 7/2~
and 3/2~ states and a very distinct one for the 1/27 level.
Figure 8 shows a direct comparison of the ground and first
1/27 states. From the calculation results and the long lifetime
measured for the 1095.6-keV (1/27) state, it is evident that
they are built upon very different configurations. The ground
state presents virtually no proton excitations, while for the
1/2~ state there is a whole proton excited across the Z = 28
gap. Concerning the average neutron orbital occupation, the
ground state has only a single neutron across N = 40, which
hints at the persistence of said gap in the Co isotopes. For
the 1/27, this number goes up to 2.9 and 0.4 toward the
89,2 and ds, orbitals respectively. It is worth mentioning that
while the 7/2~ and 3/2~ states have relatively well-defined
configurations, with some predominant wave functions, the
wave function of the 1/27 state is completely fragmented,
with all configurations having significantly less than 10% of
the weight. This wave-function fragmentation is characteristic
of highly deformed states.

These neutron 2p-2h—4p-4h excitations from the pf to the
gd orbitals induces the reduction of the Z = 28 shell gap by
the strong neutron-proton interaction. This favors the proton
excitations across Z = 28 which, together with the neutrons
excited above N = 40, produce a deformed solution with
K = 1/27. This can be well understood in the Nilsson-SU3

(1127 3/27) 2184.0

3/27 1996.6
(23 /19593  3/2" 1840

972~ 1642.8 92~ 1760
(327,712~ 1625.5 S5/2” 1680 B
/5~ 1479.4 o~ 1460 -/2- 1570

3/2 3
S N—"T 10N
(2T /14411 s 1440 - 1490
35" 1222.9 15~ 1290
/a2~ 1095.6 3/, 1070
3/2” 882.8
(7127) 0 7/2” 0
Exp. sphe. Exp. def. LNPS sphe. LNPS def.

FIG. 9. Comparison of experimental (left) and calculated (right)
level schemes. The levels in blue correspond to the spherical
T f{/% ®°% Ni(2]) quintuplet, while the levels in red are the deformed
K = 1/2 band. The experimental levels not observed in this work are
taken from Ref. [18].

scheme [34], giving rise to an 1 /2~ state at very low excitation
energy with a significant prolate deformation. The calcula-
tions predict a 5/27 followed by a 3/27 as continuation of
this rotational band; see Fig. 9.

For a more stringent test of the calculations with the
shell-model calculations, Table III shows acomparison of
measured and calculated transition probabilities. In this table,
when both M1 and E2 multipolarities were possible, both
are given as pure transitions, i.e., assuming no mixing ratio.
There is agreement for the B(E2; 3/27 — 7/27) value [the
calculated B(E2) yields 8.2 W.u., compared to the 17(16)
W.u. measured], although the experimental relative error is
nearly 100%. The theoretical calculations uncertainty for
small B(M1) is on the order of 1073; therefore any smaller
value has been given as an upper limit. The calculated B(M 1;
1/27 — 3/27) value is given as an upper limit, but it is also in
agreement, within a factor of 2, with a reasonable deviation for
such a small value. The calculations also predict a negligible
mixing ratio §(E2/M 1) for this transition.

Our shell-model calculations also yield four more states
below 2 MeV. With the already discussed 3/2;, they form
a quintuplet of states {3/27,7/27,11/27,5/27,9/27}. As
discussed in the following section, the combined data from g
decay and reaction experiments allow for the identification of
all these states. One additional multiplet of levels is predicted
to arise from the coupling w f7_/; ® 3* ®Ni. We obtained a
third 3/2~ state with this configuration at 1.84 MeV, with an
additional 1/27~ spherical state in the same energy range. The
experimentally observed states at 1959.3, 1996.6, and 2184.0
keV (tentatively 1/2, 3/27), are natural candidates; see Fig. 9.

VI. DISCUSSION

During this study we found no evidence to contradict the
spin-parity assignments suggested for ©Co in Ref. [17]; there-
fore, while tentative, they will be accepted for the following
discussion.
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TABLE III. Summary of the transition rates obtained in the timing analysis of Co compared to the theoretical calculations. The
experimental values for different multipolarities assume pure transitions; they do not arise from measured mixing ratios. See text for details. T,
the (11/27) 1479.4-keV level is not populated in 8 decay and was not observed in this experiment. Its lifetime is taken from Ref. [32] and has

been included here for comparison with the LNPS calculations.

Eievel (keV) Jr Ty, (ps) E,(keV) J}T Exp. M1 (W.u.) Exp. E2 (W.u.) Calc. M1 (W.u.)  Calc. E2(W.u.)
882.8(1) 3/27) 4(4) 882.8(1) (7/27) 17(16) 8.2
1095.6(1) (1/27) 1250(20) 212.7(1) (3/27) 1.83(3) x 1073 67(1) <1073 0.02
1222.9(1) (3/2y) 55(6) 127.3(1) 1/27) 5.8(8) x 1073 5.9(8) x 107 <1073 26.5

340.2(1) 3/27) 7.009) x 1073 100(13) <1073 0.7

1222.8(1)  (7/2]) 6.2(9) x 107 6.9(10) x 1072
1479.4(1)" (11/27) 0.9(4) 1479.4(1)  (7/2)) 5.8(26) 4.1
1959.3(1) (1/2,3/27) <90 736.4(1) (3/27) >4.1 x 107* >1.2

863.0(1) 1/27) >1.4 x 107 >3.0 x 1072

1076.3(1)  (3/27) >5.6 x 107 >8.0 x 1072

1958.8(4)  (7/2]) >1.4x107*
1996.6(1) (3/23) <90 439.1(1) >8.7 x 107 >7.5 x 107!

773.8(1) (3/27) >4.3 x 107 >1.9 x 107!

901.2(1) 1/27) >5.6 x 107° >1.1 x 1072

111371 (3/2)) >4.4 x 107 >5.9 x 1072

1996.5(1)  (7/27) >7.9 x 1073
2184.0(1) (1/2,3/27) <180 626.4(1) >8.3 x 107 >3.5x 1072

961.1(1) (3/27) >8.6 x 107 >1.5 x 107!

1088.5(1)  (1/27) >3.4 x 107 >4.7 x 1072

The (7/27) ground state can be interpreted as the coupling
ofam f{é to either the ground state of ®Ni or *Fe. The

ground state of **Fe has been demonstrated to be deformed
[2,35,36], while for %Ni it is expected to be spherical or
slightly oblate [12,25]. The proton and neutron occupancies
from our shell-model calculations show very little to no defor-
mation for the %Co ground state, favoring the interpretation of
the coupling to the Ni core.

Likewise, Modamio el al. [32] confirmed through lifetime
measurements the w ff/é ®% Ni(2]) character of the (9/27)
and (11/27) states. The tentative (5/27,7/27) states ob-
served by Pauwels ef al. [17] at 1441.1 and 1625.5 keV are
candidates to belong to this 7 f;} ® **'Ni(2]) quintuplet.
The ordering in our shell-model calculations favors the assign-
ment of the 1441.1-keV state as 7/2~ and the 1625.5 keV one
as 5/27; see Fig. 9.

Because of the large energy difference between the (3/2])
state and the observed (9/2 ), a later interpretation ruled out
the (3/2]) states as part of that quintuplet [18]. However,
the shell-model calculations presented in this work, using
a much larger model space, correctly predict the energy of
this (3/2]) state and assign it as part of the quintuplet.
Moreover, the calculated spherical shape of the state also

hints at the coupling to the more spherical Ni isotopes. It
seems a well-established interpretation of the ground state and
the quintuplet {3/27,5/27,7/27,9/27,11/27} as a proton
7 f{/; hole coupled to ®Ni 2 state.

Originally, it was suggested that the 3/2; states in the Co
isotopes were built on the coupling f{é ® A'1Fe(2f’) based
on the Co and Fe energy systematics [16,17]. Subsequent
studies discarded this interpretation claiming a lack of corre-
lation between the B(E2) strengths of the levels [18,32,37].
As shown above, the B(E2; 3/27 — 7/2]) in ACo should
instead be compared with the B(E2; 2] — 07) in **'Ni. In
the lighter isotopes [N = 30-34(36)], the B(E2) values follow
a parallel trend for Fe, Co, and Ni, although the Co values
are somehow closer to those in Ni. For N = 38 (and to a
lesser extent N = 36), the B(E2) systematics of Fe and Ni
diverge. Fe already belongs to the N = 40 island of inversion
and its collectivity is rapidly increasing with larger B(E?2)
values, while for Ni the B(E?2) rates are decreasing as they
approach the N = 40 local shell closure. The large uncertainty
in the measured ®*Co B(E2) = 17(16) W.u. does not allow for
reliable comparisons, but the theoretical 8.2 W.u. may shed
some light into the matter. This calculated value compares
better with the 7.6(13) W.u. value in Ni rather than with the

TABLE IV. Calculated ®Co level scheme in the valence space v(1p3;2 Ofs;2, 1pij2, 0892, 1dsy2) and w(0f7,2, 1p3s2, 0fs/2, 1pij2). The
proton and neutron occupation columns list the average occupations of the valence orbitals.

Proton occupation numbers

Neutron occupation numbers

Ejevel (keV) Jr 0f7/2 1173/2 0f5/2 1P1/2 1P3/2 Ofs/z 1171/2 189/2 1d5/2
0 7/2 6.48 0.29 0.21 0.02 3.82 3.84 0.88 1.33 0.13
1070 3/2° 6.28 0.45 0.25 0.03 3.83 3.93 0.96 1.20 0.08
1290 1/2~ 5.31 0.63 0.89 0.17 3.68 2.90 0.50 2.51 0.41
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much larger 22.7(2) W.u. in 04Fe [38]. It seems, then, that the
B(E?2) systematics also support the interpretation of the 3/27
states belonging to the f7_/; ® Ni(2]) quintuplet.

It is tempting to interpret the 1095-keV 1/2] state as a
single proton promoted to the 1p;,, orbital coupled to the
0" state in °°Ni, but as we can see in Fig. 8, the situation
is far more complex. While there is indeed the promotion
of one proton from the 0f7/, orbital to the pf one, we can
see how the wave function is completely fragmented, and
the occupation number of this excited proton is distributed
along the three suborbitals 1p3/2, 0fs/2, and 1py,,. In this
naive interpretation of a single-proton excitation, we would
expect the neutrons to remain paired and not contribute to the
total J™ of the state. But once again the nature of the level is
more intricate, involving several neutron excitations up to the
1ds/, orbital, with many possible wave functions including
unpaired nucleons. This is characteristic of highly deformed
shapes, where a large number of particles are involved in
highly collective states.

The (3/2; ) state was interpreted in Ref. [18] as part of the
quintuplet of the coupling of the proton hole to the ®*Ni 2
state, but, as discussed previously, we favor the assignment of
the (3/27) state for this quintuplet. The other possible origin
of the state is that it belongs to the rotational band built on the
(1/27) proton intruder. The B(M1) are evenly split toward
the (1/27) and the (3/2]), with only the transition to the
(7/27) g.s. suppressed. This makes for a difficult interpre-
tation. The possibility of the (3/2;) being instead a (5/2))
can be discarded by the presence of the 127.3-keV transition
to the prolate (1/27) state. With the lifetime measured in this
work, it would yield an unrealistic B(E2) = 590(80) W.u. (see
Table III).

In the shell-model calculations, the deformed 5/2; ob-
tained appears below the 3/27 of the K = 1/2 band. So far,
no experiment has observed a candidate for such state. The
small energy gap between the detected 1/2] and 3/2; (only

127.3 keV) suggests that any hypothetical intraband transition
connecting the 5/27 level would have very low energy. Ob-
servation of a weak 60- to 70-keV transition is complicated
by the strong presence of x rays and the low efficiency of our
HPGe detectors for that energy range. The calculations also
predict that the interband transitions are strongly suppressed,
which could explain why this experiment has not observed
transitions decaying from a possible 5/27 level to the lower
spherical 3/27 or 7/27.

VII. CONCLUSIONS

In this work, we have measured the lifetime of the first
three excited states in ®Co, providing the first empirical proof
of shape coexistence in the nucleus. The 7/2~ g.s. and the
3/27, 9/27, 11/2] and the two tentative (5/2,7/2)" levels
can be interpreted as spherical states of a proton hole in the
7072 orbital coupled to the spherical ground and 2 states
in %Ni. Simultaneously, a set of deformed, highly collective
states (1/2] and 3/2) are built on high-rank np-rh configu-
rations. LNPS calculations have shown that these are complex
states with very fragmented wave function that require several
excitations across the Z = 28 and N = 40, 50 gaps.
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