aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Properties of low-lying states in =~ {65}Co from lifetime
measurements
B. Olaizola, L. M. Fraile, H. Mach, F. Nowacki, A. Poves, A. Aprahamian, J. A. Briz, J. Cal-
Gonzalez, D. Ghita, U. Koster, W. Kurcewicz, S. R. Lesher, D. Pauwels, E. Picado, D.
Radulov, G. S. Simpson, and J. M. Udias
Phys. Rev. C 99, 024321 — Published 25 February 2019
DOI: 10.1103/PhysRev(C.99.024321


http://dx.doi.org/10.1103/PhysRevC.99.024321

Properties of low-lying states in %Co from lifetime measurements

B. Olaizola,"[] L.M. Fraile,! H. Mach,l’Z*%

J.A. Briz,"[[] J. Cal-Gonzalez,"[f| D. Ghita,®

F. Nowacki,>% A. Poves,> A. Aprahamian,®
U. Koéster,” W. Kurcewicz,'? S.R. Lesher,% 11

D. Pauwels,'? E. Picado,"'3 D. Radulov,'?[f] G.S. Simpson,* and J.M. Udias'

YGrupo de Fisica Nuclear & UPARCOS, Facultad de Fisicas,
Universidad Complutense - CEI Moncloa, E-28040 Madrid, Spain
2BP1, NCBJ - National Center for Nuclear Research, Otwock, Poland
3 Université de Strasbourg, IPHC , 23 rue du Loess 67037 Strasbourg, France
1CNRS, UMR7178, 67087 Strasbourg, France
5 Departamento de Fisica Tedrica and IFT UAM-CSIC,
Universidad Auténoma, Cantoblanco, 28049, Madrid, Spain
S Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
"Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain
8 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
9 Institut Laue-Langevin, B.P. 156, 38042 Grenoble Cedex 9, France
10 Faculty of Physics, Unwversity of Warsaw, Pasteura 5, PL 02-093 Warsaw, Poland
" Department of Physics, University of Wisconsin - La Crosse, La Crosse, WI 54601, USA
12K U. Leuven, IKS, Celestijnenlaan 200 D, 3001 Leuven, Belgium
13Seccion de Radiaciones, Departamento de Fisica, Universidad Nacional, Heredia, Costa Rica
MILPSC, Université Grenoble Alpes, CNRS/IN2P3,
Institut National Polytechnique de Grenoble, F-38026 Grenoble Cedex, France
(Dated: February 1, 2019)

The low energy structure of %°Co was studied by means of - and fast-timing spectroscopy at the
ISOLDE/CERN facility. The known level scheme of °3Co populated following the 8~ decay of *3Fe
was expanded. The experimental results were compared with large scale shell-model calculations.
The measured long lifetime of the (1/27) level confirms its nature as a highly collective state with
proton excitations across the Z=28 gap and neutrons across the N=40 sub-shell.
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I. INTRODUCTION

The region around %Ni (Z = 28, N = 40) has moti-
vated many recent experimental and theoretical studies,
aimed at the understanding of the nuclear structure in
this region with a large neutron excess. The weakening of
the N = 40 sub-shell gap just two protons below *®Ni has
been documented extensively by deformed ground states
in 56Fe [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 stud-
ied in this region. Due to the persistence of the large
energy gap, proton excitations across Z = 28 to the pf
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shell are not as well documented. In ®Ni, the 03 state
at 2511 keV (first reported in [§]), has been confirmed
to be of proton 2p — 2h character in a 2p transfer re-
action [9]. Large scale shell-model calculations required
high rank neutron np-nh excitations to the gg,, and ds /9
orbitals as well as proton excitations across Z=28 to re-
produce the energy [7, [I0] of this level and B(E2) tran-
sition probability to the 2 state at 2033 keV [I1]. In
the neighboring %6Ni, this proton-excitation prolate 0T
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 05 at 2.65 MeV in "®Ni [L3]. 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 exci-
tations available below ®Ni and no such state has been
observed in %6Fe as predicted by shell-model calculations
at 2.79 MeV [3]. Similar calculations are not yet available
for a hypothetical proton excitation state in %4Cr. With
an effective single particle energy (ESPE) gap between
the 7f7/5 and the fp shells of ~ 6 MeV for Ni [14] [17],
it is not surprising that all proton excitations in the re-
gion 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 58Ni,
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Pauwels and collaborators [16] were the first to report a
(1/27) B~ -decaying isomer in ¢7Co (g.s. J™=(7/27)) as
the first excited state at 491.6 keV. Unlike most other
states for odd-A nuclei around %®Ni, this state could not
be interpreted as a single particle/hole coupled to the
neighboring even-even Ni core. It was, thus, proposed as
a proton excitation across the Z = 28 gap at an unexpect-
edly 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 sim-
ilarity with 67Co. Unfortunately, realistic shell model
interactions for the region were out of reach for the com-
putational power at the time, so calculations were not
available to support the proton intruder interpretation
of these states. With no additional experimental infor-
mation, the tentative assignment was only based on sys-
tematics.

While in a multinucleon reaction "°Zn+2**U Recchia
and collaborators [I8] did not populate the (1/27) states
in either %°Co or %7Co, they performed shell-model cal-
culations using the LNPS interaction [7]. Their results
clearly showed the presence of a deformed rotational
band built on a proton intruder 1/2~ in Co isotopes when
approaching N = 40.

In this paper, we report on the low energy structure of
65Co populated in the 3~ decay of Mn. Our fast-timing
study confirms and expands the level scheme presented
in Ref. [I7]. More importantly, making use of the ad-
vanced 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. [I8], focusing in the %°Co
nucleus and on the prolate rotational band.

II. EXPERIMENT

The experiment was performed in the ISOLDE facil-
ity at CERN [19]. Isotopes of %°Co were populated in
the 3~ decay chain of A=65 isobars, starting at °Mn.
The 1.4-GeV protons from the pulsed CERN Proton Syn-
chrotron Booster impinged on an UC, target in intervals
multiple of 1.2 s, inducing high energy fission. The pro-
duced radioisotopes were thermally released from the tar-
get 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 prod-
ucts, a saturated source was created that included the
complete A=65 chain. A fast plastic scintillator acted
as (-particle detector and was placed 1-2 mm behind the
deposition point. Two truncated-cone shaped LaBrs(Ce)
crystals [2I] coupled to Photonis XP20D0 photomulti-
pliers were used for 7y-ray fast timing. The setup was
completed by two HPGe detectors. Analog time-delayed
B~(t) coincidences between the § and each one of the ~
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FIG. 1. HPGe energy spectrum with the %Fe activity en-

hanced and the %°Co transitions identified; ®*Mn activity and
long-lived contaminants have been subtracted. *: Transitions
observed in the ®™Fe (J© = 9/2%) decay. V: transitions
observed in %°Ni.

scintillators were set up using constant fraction discrim-
inators (CFD) and time-to-amplitude conversion (TAC)
modules. The fast timing analysis is based on [~ time
distributions between the 5 and LaBrs(Ce) detectors and
By~(t) distributions including the former with an addi-
tional 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 cam-
paign in which several neutron-rich isotopes below 68Ni
were studied [3 22H25]. A review of the published results
so far can be found in [20].

I1III. EXPERIMENTAL RESULTS

To enhance the %5Fe — %Co decay, a time condition
was set between 350 ms 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.[I] The identification of v rays
in %5Co 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 con-
stant background between the second and third proton
in the cycle (between 1.2 and 2.4 seconds after the pro-
ton impact on the target). This figure shows the fit of
the time distribution gated by the 882.8-keV transition.
The final result T;,,=805(10) ms is the weighted aver-
age of gating different transitions, all in agreement. The
contribution from the unobserved background was esti-
mated by adding a constant term to the fit and varying
it within a 0 to 50 counts range. The uncertainty has
been increased accordingly by 5 ms to account for our
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FIG. 2. (Colour online) Half-life of the (1/27) ®*Fe ground
state. The exponential fit was done after all the *Mn had
decayed away (between the second and third proton impact
of the cycle). See text for details.

TABLE I. Summary of the observed transitions in the 8~
decay of %5Fe to ®*Co. Transitions previously observed in the
65mFe decay have not been included. *: new transitions not
observed in [I7]. : intensity obtained from v coincidences

E, (keV) il (keV)| Bl (keV) et
127.3(1) 1222.9 1095.6 2.2(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)* 2470.3 882.8 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)* 2470.3 g.s. 0.5(1)

inability to observe and fit this background. The fit was
repeated using the Bateman equations fixing the half-
life of %*Mn (T;/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 litera-
ture; 0.45(15) s [27] and 0.81(5) s [I7]. Our result is in
agreement with the later and increases its precision.
Table [ summarizes the observed ~ transitions at-
tributed to 5°Co from this work. Pauwels et al. [I7] pro-
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FIG. 3. HPGe-HPGe coincidence energy spectrum with a

gate on the 882.8-keV transition in °°Co.

TABLE II. Summary of the levels populated in the 8 decay
of % Fe to %°Co. *: new levels not observed in [I7].

Ejevel (keV)| f feeding| log(ft) | Ti/2 (ps) Jr
0 - - (7/27)
882.8(1) 5(5) 5.9(5) 4(4) (3/27)
1095.6(1) |  2.8(6) | 6.07(10)| 1250(20)|  (1/27)
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) | 487(4)| <90 | (1/2,3/27)
1996.6(1) | 35(2) | 4.69(2)| <90 (3/27)
2184.0(1) | 11.2(7) | 5.002) | <160 | (1/2,3/27)
2276.2(1)* | 0.5(1) | 6.44(9)
2470.3(2)* | 1.3(1) | 5.96(4)

posed two different and independent level schemes for
this Co isotope, each one populated by either the (1/27)
g.s. or the 9/2% B~ -decaying isomer of °Fe. In their
work, using a laser ionization, 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
9/2% isomers populated in the ®>Mn S~ decay.

Transitions linking both excited structures have not
been observed neither in Ref. [I7] nor in our study, so
the intensities 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 [ feeding.

Figure [4] shows the level scheme of %°Co populated in
the B~ decay of the °Fe (1/27) ground state as observed
in this work. It was built based in v coincidences be-
tween the two HPGe, as showed in Fig. This level
scheme confirms the one reported in Ref. [I7] and ex-
pands it with 11 new transitions and 4 new levels, due to
a factor ~ 1000 increase in HPGe ~-singles statistics.
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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 (T;,2=9.49(3) h) decay
transitions.

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
Is(g.s) < 0.3%). We have measured this by comparing
the intensities in Co and Cu [28]. During this analy-
sis, we were not able to reproduce the intensities of the
65Co — 95Ni decay presented in Ref. [I7]. The most
likely explanation is the very large 92(4)% direct popula-
tion of the ground state. Any relatively small deviation
in that value induces significant changes in the absolute
intensity of the observed transitions in 59Ni.

IV. FAST-TIMING ANALYSIS

To extract the excited states lifetimes, we employed
the superior timing resolution of the LaBr3(Ce) and plas-
tic scintillator and the ATD Byv(t) method. Figure
shows a LaBrs(Ce) energy spectrum including the time
gates used for the fast-timing analysis. The method is
thoroughly described in Refs. [29H3T] and the particular
details for this experiment can be found in [22] 23].

The half-life of the 882.8-keV excited state was mea-
sured by the centroid-shift method in B~vy(t) coinci-
dences.  Figure [6] shows the time distributions for
the (-340.2(HPGe)-882.8(LaBr3) and [-882.8(HPGe)-
340.2(LaBr3) coincidences, with a centroid sift between
them of A7 = 75 ps. To correct the effect of the time
walk (despite using CFDs, the detectors present a dif-
ferent time-response for y-rays of different energies), off-
line 24Na, 8Rb and '#°Ba sources were employed. These
sources have precisely known half-lives in the ps range

340-883 gate ——
883-340 gate ———

882.8-keV level T1/2=4(4) ps

At=75ps
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i H
: i
1 B
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FIG. 6. (Colour online) Mean lifetime of the 882.8-keV ex-
cited state. Black circle: [-340.2(HPGe)-882.8(LaBrs(Ce))
coincidence. Re triangle: [3-882.8(HPGe)-340.2(LaBrs(Ce))
coincidence. The AT = 75 ps observed must then be cor-
rected by time-walk and the Compton contribution, see text
for details

and cover the energy region of interest. Compton events
have a different time response and must be studied inde-
pendently. Gates were set on the background above the
full-energy peaks. Due to 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 indepen-
dently twice (and each time with two different LaBrs(Ce)
crystals). The final result is the weighted average of the
four measurements, Ty, = 4(4) ps. The good agree-
ment 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 life-
time of Ty, = 55(6) ps for the second (3/27) state
at 1222.9 keV. For the levels at 1959.3, 1996.6 and
2184.0 keV, there was no v-ray feeding from above, so
this method could not be employed. The lack of a de-
layed component in 5vy(t) coincidences, allowed us to set
upper limits based on the width of the timing distribu-
tion (which strongly depends on the ~-ray energy), see
Table [

The half-life of the 1095.6-keV state was measured in
B~ coincidences de-convoluting the delayed time com-
ponent from the prompt response by setting a gate on
the 212.7-keV transition in the LaBrs(Ce) detectors (see
Fig.[7). This result was independently confirmed by gat-
ing on the 882.8-keV transition, since the 212.7-keV tran-
sition populates the 882.8-keV state, and therefore Sv(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
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measured in 87(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.

of the other states with a relatively intense v ray shows
such a long lifetime. Placing a gate in the Compton back-
ground next to the 212.7-keV peak did not show a slope
either. This unambiguously allowed us to attribute the
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 per-
formed extensive shell-model calculations using the
LNPS effective interaction [7]. In our calculations, **Ca
is taken as a closed core and the valence space includes
the complete pf shell for the protons and the 0f5 2, 1p3/2,
1p1/2, 0gg/2, and 1ds/o orbitals 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 g5, since
using effective ones gave negligible differences.

The results for the lowest lying states are summarized
in Table [V] A very similar structure is found for the
7/27 and 3/2~ states and a very distinct one for the
1/27 level. Figure [§ shows a direct comparison of the
ground and first 1/27 states. From the calculations re-
sults and the long lifetime measured for the 1095.6-keV
(1/27) state is evident that they are built upon very dif-
ferent configurations. The ground state presents virtually
no proton excitations, while for the 1/27 state there is
a whole proton excited across the Z=28 gap. Concern-
ing the average neutron orbitals occupation, the ground
state has only a single neutron across N=40, which hints
to the persistence of said gap in the Co isotopes. For
the 1/2~ this number goes up to 2.9 and 0.4 towards the
go/2 and ds /o orbitals respectively. It is worth mentioning
that while the 7/2~ and 3/2~ states have relatively well
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1p32
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Occupation number

FIG. 8. (Colour online) Occupation numbers from the
shell model LNPS calculations for neutrons (left) and pro-
tons (right). The blue bars show the occupation of the 7/27
ground state and the red bars of the 1/27 1095.6-keV state.

defined configurations, with some predominant wavefunc-
tions, the wavefunction of the 1/27 state is completely
fragmented, with all configurations having significantly
less than a 10% of the weight. This wavefunction frag-
mentation 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 de-
formed solution with K=1/27. This can be well under-
stood in the Nilsson-SU3 scheme [34], giving rise to an
1/27 state at very low excitation energy with a significant
prolate deformation. The calculations predict a 5/2~ fol-
lowed by a 3/27 as continuation of this rotational band,
see Fig. [0

For a more stringent test of the calculations with the
shell-model calculations, Table [[TI]shows a comparison of
measured and calculated transition probabilities. In this
table, when both M1 and E2 multipolarities were possi-
ble, both are given as pure transitions; i.e. assuming no
mixing ratio. There is agreement for the B(E2;3/2] —
7/27) value (the calculated B(E2) yields 8.2 W.u., com-
pared to the 17(16) W.u. measured), although the ex-
perimental 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(M1;1/27 — 3/27) value
is given as an upper limit, but it is also in agreement,
within a factor of 2, a reasonable deviation for such a
small value. The calculations also predict a negligible
mixing ratio 6(E2/M1) for this transition.

Our shell-model calculations also yield four
more states below 2 MeV. With the already dis-
cussed 3/27, they form a quintuplet of states
{3/2=,7/27,11/27,5/27,9/27 }. As discussed in
the following section, the combined data from [-decay
and reaction experiments allow for the identification of
all these states. One additional multiplet of levels is
predicted to arise from the coupling 7 f7712 ® 31 66Ni.



TABLE III. Summary of the transition rates obtained in the timing analysis of °°Co and compared to the theoretical cal-

culations.

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 S 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) J7 T2 (ps)| E4(keV) J7 | 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)-1072 67(1) <107° 0.02
1222.9(1) (3/23) 55(6) | 127.3(1) | (1/27)] 5.8(8) 1073 5.9(8) - 107 <1077 26.5

340.2(1) | (3/27)| 7.0(9)-107° 100(13) <107® 0.7
1222.8(1)| (7/27)| 6.2(9)-107° | 6.9(10)- 1072

1479.4(0)7 [ (11/2)) 0.9(4) | 1479.4(1)] (7/27) 5.8(26) 4.1

1959.3(1) | (1/2,3/27)] <90 | 736.4(1) | (3/25)] >4.1-10°* >1.2
863.0(1) | (1/27)| >1.4-1075 >3.0-1072
1076.3(1)| (3/27)| >5.6-107° >8.0-1072
1958.8(4)| (7/27) >1.4-107*

1996.6(1) (3/23) <90 | 439.1(1) >8.7-107° >7.5-107"
773.8(1) | (3/25)] >43-107° >1.9-1071
901.2(1) | (1/27)| >5.6-10"° >1.1-1072
1113.7(1)| (3/27)| >4.4-107° >5.9-1072
1996.5(1)| (7/27) >79-1073

2184.0(1) | (1/2,3/27)] <180 | 626.4(1) >83-107° >3.5-1077
961.1(1) | (3/27)| >8.6-107° >1.5-107"
1088.5(1)| (1/27)| >3.4-107° >4.7-1072

TABLE IV. Calculated %°Co level scheme in the valence space v(1ps/2 0f5/2, 1p1/2, 0992, 1ds/2) and w(0f7/2, 1ps 2,

0fs/2, 1p1/2). The proton and neutron occupation columns list the average occupations of the valence orbitals.

‘Elevel (keV) JT ‘

Proton occupation numbers

Neutron occupation numbers

1p12 ‘

0f7/2 1p3/2 0fs/2 1ps/2 0fs/2 1p1/2 1g9/2 1ds/2

0 7/27 6.48 0.29 0.21 0.02 3.82 3.84 0.88 1.33 0.13
1070 3/27 6.28 0.45 0.25 0.03 3.83 3.93 0.96 1.20 0.08
1290 1/27 5.31 0.63 0.89 0.17 3.68 2.90 0.50 2.51 0.41

We obtained a third 3/27 state with this configuration
at 1.84 MeV, with an additional 1/2~ 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. @

VI. DISCUSSION

During this study we found no evidence to contra-
dict the spin-parity assignments suggested for °3Co in
Ref. [I7] therefore, while tentative, they will be accepted
for the following discussion.

The (7/27) ground state can be interpreted as the cou-
pling of a Wf7712 to either the ground state of %Ni or 4Fe.

The ground state of °Fe has been demonstrated to be
deformed [2 35l 36], while for 56Ni it is expected to be
spherical or slightly oblate [12] 25]. The proton and neu-
tron occupancies from our shell-model calculations show
very little to no deformation for the ®*Co ground state,
favouring the interpretation of the coupling to the Ni
core.

Likewise, Modamio el al. [32] confirmed through life-
time measurements the 7 f7_/12 ®% Ni(2]) character of the
(9/27) and (11/27) states. The tentative (5/27,7/27)
states observed by Pauwels et al. [I7] at 1441.1 and
1625.5 keV are candidates to belong to this 7rf7_/12 ®

A+INi(2]) quintuplet. The ordering in our shell-model
calculations favours the assignment of the 1441.1-keV
state as 7/2 and the 1625.5 keV one as 5/27, see Fig.[9]

Due to the large energy difference between the (3/27)
state and the observed (9/27), a later interpretation
ruled out the (3/27 ) states as part of that quintuplet [I8§].
However, the shell-model calculations presented in this
work, using a much larger model space, correctly pre-
dict the energy of this (3/2]) state and assign it as
part of the quintuplet. Moreover, the calculated spher-
ical 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 Wf7712 hole
coupled to 5°Ni 2 state.

Originally, it was suggested that the 3/2] states in the
Co isotopes were built on the coupling wf7712 ® A 1Fe(2])
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FIG. 9. (Colour online) Comparison of experimental (left)

and calculated (right) level schemes. The levels in blue corre-
spond to the spherical 71']”7_/12 ®% Ni(2]) quintuplet, while the
levels in red are the deformed K=1/2 band. The experimental
levels not observed in this work are extracted from [I§].

based on the Co and Fe energy systematics [16, 17]. Sub-
sequent studies discarded this interpretation claiming a
lack of correlation between the B(E2) strengths of the lev-
els [I8, 32, [37]. As shown above, the B(E2;3/2] — 7/27)
in #Co should instead be compared with the B(E2;2] —
07) in A*INi. 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) sys-
tematics of Fe and Ni diverge. Fe already belongs to the
N=40 island of inversion and its collectivity is rapidly in-
creasing with larger B(E2) values, while for Ni the B(E2)
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 compar-
isons, 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 %6Ni rather than with the
much larger 22.7(2) W.u. in %Fe [38]. It seems, then,
that the B(E2) systematics also support the interpreta-
tion of the 3/2] states belonging to the 7rf7_/12 ® Ni(2])
quintuplet.

It is tempting to interpret the 1095-keV 1/27 state
as a single proton promoted to the 1p; /o orbital coupled
to the 0T state in %°Ni, but as we can see in Fig.
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 com-
pletely fragmented, the occupation number of this ex-
cited proton is distributed along the three suborbitals
1p3/2, 0f5/2 and 1p1/5. In this naive interpretation of a
single proton excitation, we would expect the neutrons
to remain paired and not contributing 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 /7 orbital, with many possible wavefunctions includ-

ing unpaired nucleons. This is characteristic of highly
deformed shapes, where a large number of particles are
involved in highly collective states.

The (3/25 ) state was interpreted in Ref. [I§] as part
of the quintuplet of the coupling of the proton hole to
the %Ni 21+ state, but, as discussed previously, we favour
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 (1/2]) proton in-
truder. The B(M1) are evenly split towards the (1/27)
and the (3/27), with only the transition to the (7/27)
g.s. suppressed. This makes for a difficult interpre-
tation. The possibility of the (3/25) being instead a
(5/27) can be discarded by the presence of the 127.3-
keV transition to the prolate (1/27]) state. With the life-
time measured in this work, it would yield an unrealistic
B(E2)=590(80) W.u. (see Table [ITI)).

In the shell-model calculations, the deformed 5/27 ob-
tained appears below the 3/2~ of the K=1/2 band. So
far, no experiment has observed a candidate for such
state. The small energy gap between the detected 1/27
and 3/25 (only 127.3 keV), suggests that any hypotheti-
cal intraband transition connecting the 5/27 level would
have very low energy. Observation of a weak 60-70 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 in-
terband 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 empiri-
cal proof of shape coexistence in the nucleus. The 7/2~
g.s. and the 3/2]7 9/27, 11/27 and the two tentative
(5/2,7/2)~ levels can be interpreted as spherical states of
a proton hole in the 70 f7 /2 orbital coupled to the spher-
ical ground and 2 states in 5°Ni. Simultaneously a set
of deformed, highly-collective states (1/2] and 3/25) are
built on high-rank np — nh configurations. LNPS calcu-
lations have shown that these are complex states with
very fragmented wavefunction that requires several exci-
tations across the Z=28 and N=40,50 gaps.
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