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Background: Shell evolution can impact the structure of the nuclei and lead to effects such as shape coexistence.
The nuclei around ®®Ni represent an excellent study case, however, spectroscopic information of the neutron-rich,
Z < 28 nuclei is limited.

Purpose: The goal is to measure y-ray transitions in ®*Fe, **Co, and ®Ni populated in the 8~ decay of **Mn
to determine absolute 8 feedings and relative y-decay probabilities and to compare the results with Monte
Carlo shell model calculations in order to study the influence of the relevant single neutron and proton orbital
occupancies around Z = 28 and N = 40.

Method: The low-energy structures of %Fe, %Co, and ®Ni were studied in the 8~ decay of ®®Mn produced
at ISOLDE, CERN. The beam was purified by means of laser resonance ionization and mass separation. The
and y events detected by three plastic scintillators and two MiniBall cluster germanium detectors, respectively,
were correlated in time to build the low-energy excitation schemes and to determine the B-decay half-lives of
the nuclei.

Results: The relative small 8-decay ground state feeding of ®Fe obtained in this work is at variant to the earlier
studies. Spin and parity 1* was assigned to the ®®Co ground state based on the strong ground-state feeding in
the decay of ®*Fe as well as in the decay of **Co. Experimental log( f1) values, y-ray de-excitation patterns, and
energies of excited states were compared to Monte Carlo shell model calculations. Based on this comparison,
spin and parity assignments for the selected number of low-lying states in the *Mn to ®*Ni chain were proposed.
Conclusions: The S-decay chain starting *Mn toward *°Ni, crossing N = 40, evolves from deformed nuclei to
sphericity. The -decay population of a selected number of 0t and 2+ states in *Ni, which is understood within
shape coexistence framework of Monte Carlo shell model calculations, reveals the crucial role of the neutron
0g9/> shell and proton excitations across the Z = 28 gap.

DOI: 10.1103/PhysRevC.98.064326

I. INTRODUCTION

The nickel isotopic chain with a magic number of protons

*marek.stryjczyk @kuleuven.be (Z = 28) is an excellent study case to test the nuclear shell
Deceased. model. It starts at **Ni, which decays through a recently dis-
covered 2 p emission channel [1-3], goes through the doubly
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particular interest. Some unexpected properties, such as a
large excitation energy of the first 2% state and a low
B(E2,2,T — 0;7) [11-13], have been measured in this nu-
cleus and they might suggest an N = 40 (harmonic oscillator
magic number) subshell closure. On the other hand, adding or
removing protons from the N = 40 nuclei leads to an increase
of the collectivity, which is manifested by a sudden decrease
of the 2;"-excitation energy and increase of B(E2) values
[14-19]. Several studies were performed to understand these
properties [20-24].

Recent developments in theoretical models suggest that in
order to reproduce the structure of exotic nuclei, the tensor
force has to be included into the nuclear shell model potential
[25]. Its monopole part influences the shell structure, which is
known as shell evolution [26], and can lead to the erosion of
the magic numbers [27-29] or changes in the single-particle
shell ordering [30-32]. In the %®Ni region, it is conjectured
that shell evolution is responsible for a significant reduction
of the energy gap between the 0f7/,, and the 0f5;, proton
shells, which gives a rise to creation of the different energy
minima in the potential energy surface (PES) [21,33-35].
The occurrence of these phenomena was also discussed in
Refs. [36-39].

In this work, these phenomena are studied through the 8~
decay of %Mn to three A = 66 daughter nuclei: 66pe, 96(Cp),
and %Ni. The simultaneous analysis extended the amount of
available experimental information [35,40-45] and allowed
us to address, at the same time, the increase of collectivity
at N =40, shape coexistence in 58N region, and also the
onset of deformation in the A = 66 chain. State-of-the-art
Monte Carlo shell model calculations were performed for the
analyzed isotopes and allowed to make theory guided tentative
spin assignments and to explain the selective population of
states in the §-decay process.

The paper is organized in the following way. The ex-
perimental setup and the analysis method are described in
Sec. II. The data analysis results for the decay of %6Mn, OFe,
and %Co are presented in Secs. III A-III C, respectively. In
Sec. III D, the details regarding the half-lives of the analyzed
nuclei and the direct feeding to the ground states are de-
scribed. The discussion of the results and the interpretation are
presented in Sec. IV, and the conclusions are drawn in Sec. V.

II. EXPERIMENTAL SETUP AND ANALYSIS

The experiment was part of a campaign at ISOLDE,
CERN, to measure the 8 decay of the neutron-rich 3-¢°~8Mn
isotopes. The details on the experimental conditions are pub-
lished in Refs. [46—49]. Here we report only the essential
information.

To produce pure beams of manganese, 1.4-GeV protons
from the Proton Synchrotron Booster were impinged onto
a UC, target (45 g/cm? thickness). Created fission products
diffused from the hot target (about 2000 °C [50]) into the
ion source. Manganese atoms were selectively ionized by
the three Nd:YAG-pumped dye lasers provided by the Res-
onance lonization Laser Ion Source (RILIS) system [51].
Subsequently, the ions were accelerated and separated with
respect to their mass-over-charge ratio A/Q using the High

Resolution Separator (HRS). The slits between the two HRS
dipole magnets were used to reduce isobaric contaminants.
Finally, the ions were implanted on an aluminized mylar tape
located inside a movable tape station [52]. The implantation
point was surrounded by three plastic AE 8 detectors and two
high-purity germanium (HPGe) MiniBall detector clusters
for y rays [53]. Signals from the detectors were registered
by the fully digital acquisition system, which was based on
XIA-DGF4C modules [54] with an internal 40-MHz clock.
More details about the detection system can be found in
Refs. [47,52].

The acquisition cycle was based on the CERN proton
supercycle structure (SC). In our case, the SC contains 33
quasi-instantaneous proton pulses (PP), sent every 1.2 s. After
registration of the PP signal, the acquisition was started and
a beam gate was opened for 140 ms to allow the delivery of
the manganese beam. Subsequently, the decay radiation was
registered for 860 ms. One second after each PP, a forced
readout of 200 ms was performed to store the data. After
the last PP in each SC, the tape was moved in order to
remove long-lived daughter activities. In our experiments, 32
consecutive PP from each SC, from the 2nd to the 33rd, were
taken, while the first PP was skipped in order to move the tape.

The germanium detectors calibration was performed us-
ing standard sources of 0Co, 13Ba, 152Eu, and 2! Am. The
measured photopeak y-ray efficiency for the cobalt line at
1332 keV is 5.8(1)% [47,52].

The total measuring time at A = 66 was 17 696 s with the
laser set on resonance for the ionization of the manganese
(laser-on mode) and 3062 s with one of the RILIS lasers
blocked (laser-off mode). The singles y spectra, which are
presented together with the B-y coincidence spectrum in
Fig. 1, indicate that the most important contaminants are
singly charged ®*Ga* ions and doubly charged '32Sb*.

A statistical analysis of the data was performed by using
the SATLAS code [55], which allows us to apply a Bayesian
approach. In this approach, the goal is to obtain the posterior
probability density function (posterior pdf), which shows
the distribution of the model parameters given the data.
By applying Bayes’ theorem, the posterior pdf [P(0]|D)]
can be expressed as a normalized product of two factors
[Eq. (1)]: the likelihood function [P (D|6)], which represents
the probability distribution of obtaining the data assuming the
model, and the prior [ P(8)], which represents the knowledge
about the parameters before the experiment:

P(O|D) x P(D|O)P(O). (1)

To generate a representative posterior pdf, the affine invari-
ant Markov chain Monte Carlo ensemble sampler [56], which
is an algorithm implementing a Markov chain Monte Carlo
(MCMC) method, was used. A certain amount of samples
generated at the beginning of each chain was discarded to
accommodate for the tuning of the sampler parameters. This
procedure is known as a burn-in. After sampling, a marginal-
ization of the nuisance parameters were performed to obtain
the distributions of the parameters of interest. The computed
posterior probability density functions represent the entire
knowledge of the parameters assuming the given data and
the priors. In this work, we adopted the 50th percentile of
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FIG. 1. Single-y spectrum collected in the laser-on mode (black) and the laser-off mode (red [medium gray], enlarged five times for better
visual comparison), and 8-y coincidence spectrum collected in the laser-on mode (blue [light gray]) from 0 to 1500 keV (top panel) and 1500
to 3500 keV (bottom panel) with the mass separator set to A = 66. Peaks attributed to the decay of ®*Mn and daughter activities are marked.

the posterior pdf as a Bayes estimator and the 16th and 84th
percentiles as the limits of the 68% credible interval (analog
of Gaussian 10).

III. RESULTS
A. Decay of *Mn

The decay scheme of ®*Mn to the excited states in **Fe was
built by using y-y and B-y-y coincidence techniques (Fig. 2).
The energy gates were set on the intense y-ray transitions
known from the literature [14-16,43,45,48,57-60] (Fig. 3). In
order to minimize the background level related to the decay
of the daughter activities and in view of the short half-life of
Mn (T} 2 = 64.1(11) ms; details are presented in Sec. Il D),
for this part of the analysis only the data registered up to
400 ms after the PP were taken into account. The identified
y-ray transitions attributed to the decay of ®*Mn to ®Fe are
presented in Table I.

Most of the y-ray transitions were placed on the scheme
based on the coincidences. The transitions at 2122, 2874,
and 3284 keV were placed based on the energy matching
between the transition and already identified excited states.
The missing coincidences between the 2122-keV line and
the 770-, 1133-, 1349-, and 1526-keV y-ray transitions can

be understood as due to the low intensity of the 2122-keV
transition.

The intensities of the y-ray transitions were determined
based on the 8-y coincidence spectrum and were normalized
to the strongest transition at 574 keV. In order to calculate the
B feeding to the excited states, the relative feeding of each
state was normalized to the sum of all y-ray transitions de-
exciting directly to the ground state (574, 1881, 2122, 2874,
and 3284 keV). Then, the obtained values were corrected by
the factor, which includes the direct feeding to the ground
state (Iggr = 11.5739%) and the probability of f~-delayed-
neutron emission (P, = 7.371"}). The asymmetric uncertain-
ties of the B feeding of excited states are reflecting the asym-
metric uncertainty of the ground-state feeding. The discussion
regarding Igesr and P, values is presented in Sec. III D.

The log( ft) values were calculated with the NNDC calcu-
lator [61]. The half-life of the parent nucleus (77, = 64.1(11)
ms; see Sec. IIID for details) was taken from our analysis
and the Qg- = 13317(12) keV from the AME2016 evaluation
[62]. In the case of asymmetric uncertainties of the input
values, the larger value was taken. It should be noted that since
the energy window for the decay is large, our 8 feeding values
should be treated as upper limits due to the pandemonium
effect [63].
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FIG. 2. The scheme of excited states in **Fe populated in 8~ decay of *Mn. Q s- and S, values are taken from Ref. [62]. The § feeding
of the states should be treated as upper limits and the log(ft) values as lower limits due to the pandemonium effect. Half-life and P, are
determined in the analysis. Spin assignments were made based on the experimental data and the Monte Carlo shell model calculations; see text
for details. The level at 1413.9 keV is shifted 40 keV upward on the scheme for better visual representation.

Our analysis is extending the decay scheme presented in
Ref. [43] and is consistent with the results presented recently
[45]. As was noted in Ref. [45], the level at 2121 keV was
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FIG. 3. A y-y coincidence spectrum gated on the 574-keV tran-
sition. The most intense coincidences are labeled with the energy
given in keV.

mistakenly quoted at 2130 keV in Ref. [43]. We did not
observe two weak y-ray transitions reported at 2246 and
3074 keV, neither in coincidence with 574-keV transition nor
in the single spectrum. The true summing effect was checked
for the transition at 2122 keV, which was not observed in the
previous 8~ decay studies, and it is included in the uncertainty
of the intensity.

1. B-delayed-neutron channel

Since the neutron separation energy in ®°Fe (S, =
6921(7) keV) is much lower than Qg- = 13317(12) keV
[62], the emission of S~ -delayed neutrons is possible. In our
analysis, we identified four y-ray transitions assigned to this
channel (Table II). The transitions at 364, 456, and 561 keV
were already reported in the previous analysis of the ®*Mn g~
decay [45].

The scheme of excited states based on the identified y -rays
is presented in Fig. 5. The intensities of the unobserved tran-
sitions, which are known from the 8~ decay studies of 5Mn
[64], were included into apparent S feeding calculations. They
were obtained by multiplying the intensity of the observed y
ray by the ratio of the intensities extracted from Ref. [64]. The
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TABLE 1. The relative intensities of the y-ray transitions as-

signed to the decay of %Mn to ®Fe, normalized to the 574-keV

transition. For the absolute intensity, multiply by 0.5197003..

E, e Eindal - plind - Coincident lines (keV)
(keV) keV)  (keV)
573.5(1) 100.00 573.5 0.0 770.1, 833.9, 840.4,
1010.6, 1133.2, 1307.6,
1349.1, 1460.2, 1526.1,
1547.7,1777.7, 2090.2,
2130.6, 2300.8, 2680.8,
2711.0, 2897.2
770.1(1) 3.39(34) 28915 21213 573.5, 1547.7
833.9(1) 7.69(54) 14074 5735 573.5,1156.3
840.4(1) 4.62(53) 14139 5735 573.5, 1460.2
1010.6(2)  1.86(45) 2891.5 1881.1  573.5,1307.6, 1881.2
1133.2(1)  3.21(42) 32544 21213 573.5,1547.7
1156.3(5)  0.64(37) 2563.7 1407.4 833.9
1307.6(1)  5.46(50) 1881.1 5735 573.5,1010.6
1349.1(3) 1.53(50) 3470.5 2121.3 573.5,1547.7
1460.2(2)  2.86(40) 2874.1 14139 573.5, 8404
1526.1(3)  1.34(52) 3647.4 21213 573.5, 1547.7
1547.7(1) 13.22(75) 21213 5735  573.5,770.1, 1133.2,
1349.1, 1526.1
1777.77(2)  2.90(50) 2351.2 5735 573.5
1881.2(1)  3.70(66) 1881.1 0.0 1010.6
2090.2(3)  2.48(63) 2663.7 5735 573.5
212153)  1.04(52) 21213 0.0
2130.6(1)  9.39(84) 2704.1  573.5 573.5
2300.8(1) 16.2(13)  2874.1 5735 573.5
2680.8(1) 12.3(10) 32544 5735 573.5
2711.0(2)  5.35(83) 32843 5735 573.5
2874.0(1) 43.1(20) 2874.1 0.0
2897.2(4)  2.12(68) 34705 5735 573.5
3284.3(1)  8.50(93) 3284.3 0.0

same procedure was performed for the 163-keV transition,
which was observed only in the y-delayed-y spectrum gated
on the 364-keV transition (see Fig. 4). Since the 34-keV
y-ray transition is below the measurable energy range of our
setup, it was not possible to determine the feeding of the 398-
keV level and, as a result, the reported feeding of 364-keV
transition should be treated as a sum of the 364- and 398-keV

TABLE II. The relative intensities of the y-ray transitions as-
signed to the B-delayed-neutron decay of %Mn, normalized to 100
units of the 574-keV transition in *Fe.

E, (keV) I;d Einital (keV) Einl (keV)
363.7(1) 5.24(37) 363.7 0.0
455.92) 0.89(21) 455.9 0.0
162.7(3)* 0.30(8)° 560.6 397.9
560.6(2) 1.17(25) 560.6 0.0

2Seen only in a y-delayed-y coincidence spectrum gated on the 364-
keV transition.

bCalculated by multiplying the intensity of 561-keV transition by the
ratio extracted from Ref. [64]. See text for details.

]
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FIG. 4. A portion of the y-delayed-y spectrum with background
subtraction gated on the 364-keV transition (coincidence window:
—5to —0.5 us). A peak at 163 keV is visible.

level feedings. During the analysis, we did not observe any
transition which can be associated with a decay of the ®Fe
high-spin isomeric state at 394 keV [64]; hence, this level is
not presented in our decay scheme. The details regarding the
probability of the S~ -delayed-neutron decay (P, = 7.34_'%:‘,‘)
are presented in Sec. IIID.

To obtain the direct feeding to the ®>Fe ground state, the
y-detection efficiency corrected counts of the 364-, 456-,
and 561-keV ground-state transitions were compared to the
corrected counts of the 340-, 736-, 961-, 1076-, and 1223-keV
observed in the B~ -decay of ®Fe. By using the absolute inten-
sities reported in Ref. [48] and by making a cycle correction,

2+

66/
25MN,,

Al N
AN+~ ©
© o N~
9 © o N~ o
15@3) (327,327,527) 8 2 € 7 o o 560.6(2) 390(50) ps
. ()
: 5 o S
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' f o
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48(6) (1/27) 0.0 0.81(5) s
I 65 E(keV) T
B F 1/2
26 e39

FIG. 5. The excited states in ®Fe populated in B~ -delayed-
neutron decay of *Mn. Dotted lines represent transitions reported
in Ref. [64], not observed in our analysis, and their energies are the
differences between levels energies. Intensities are normalized to 100
units of the 364-keV transition. Spin assignments and half-lives of
the states in Fe, except the half-life of 398-keV level, are taken
from Ref. [64].
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we obtain 48(6)% feeding of the %Fe ground state in the
B~ -delayed-neutron decay of *Mn. This result is larger than
33(5)% reported in Ref. [45] but consistent within 20

2. Half-life of *™Fe

The half-life of the isomeric state in %Fe at 398 keV
[40,48,64] was deduced from the time difference between
the signal from the 8 detector (starf) and the 364-keV y-ray
transition de-exciting the isomeric state (stop). The fitting
region was set from 600 ns up to 6 us after the start signal
to remove the possible direct 8 or intermediate y-ray feeding
to the 364-keV level.

In our analysis, the used model is the exponential decay

In(2

A(t) = Aeiﬁl. The likelihood function was built assuming
that the number of counts in each bin is following the Poisson
distribution while both free parameters, A and Ti,,, were
constrained by the prior to be non-negative. In total, 100 000
samples were taken from the posterior pdf (20 walkers with
5000 steps each), from which the first 15% were rejected
as a burn-in. After the sampling, a marginalization of A,
which is a nuisance parameter, was performed. The posterior
pdf of the half-life and the fit to the data are presented in
Fig. 6. The obtained value, T/, = 40932 ns, is in agreement
with the previous experimental results reported by Grzywacz
et al. (430(130) ns [40]), Georgiev (434(35) ns [65]), Daugas
et al. (420(13) ns [66]), Olaizola et al. (437(55) ns [64]), and
Radulov (428(11) ns [48]).

B. Decay of Fe

The scheme of excited states in %°Co was built using the
techniques described in the previous section and is presented
in Fig. 7. The energy gates were set on the y-ray transitions
known from the previous B~ decay studies of Fe [42,67]

(Fig. 8). The list of transitions attributed to the decay of *°Fe
is presented in Table III.

To determine the energies and intensities of the transitions
assigned to the decay of ®°Fe, the data collected from 400 ms
to 1 s after PP was used. This time condition allows us to
reduce the background coming from the ®*Mn decay. The tran-
sitions for which determination of energy or intensity from
B-y coincidence spectrum was not possible are described
below.

The intensity of the transition at 176 keV de-exciting an
isomeric state was determined by using the single-y spectrum.
The area of the y-ray peak was corrected by the y-ray
detection efficiency and compared to the intensity of the 471-
keV transition. Later, a y-delayed-y spectrum gated on the
176-keV transition was used to obtain the intensities of the
214-, 252-, and 335-keV transitions (Fig. 9). Their peak areas
were compared to the peak area of the 806-keV transition.

The y-ray of 881 keV is emitted in the B~ decay of
%Fe and %Fe [48,68], which is produced in the S~ -delayed-
neutron decay of *Mn. The intensity of this transition related
solely to %Co was extracted by taking the relative intensity
of the 340-keV transition and multiplying it by the ratio of
absolute intensities taken from Ref. [68]. Then, the obtained
value was subtracted from the total intensity of the 881-keV
transition yielding to the intensity related to %Co. The energy
of this y ray was determined using the y-y coincidence
spectrum gated on the 167-keV transition.

The intensity of the 511-keV transition was determined by
analyzing the number of S-gated-y counts as a function of
time after PP. We assumed there are four main sources of y
rays with this energy: B~ decay of °Fe, escape peaks from the
%Mn decay high-energy y rays (Fig. 10), Compton-scattered
y rays, and the environmental radiation. We also assumed
there might be 511-keV y rays of different origin, for exam-
ple, the escape peaks of weak unobserved transitions from the
decay of nuclei other than ®*Mn. The intensity obtained from
our analysis is equal Is;; = 102.3%};). The details regarding
the fitting procedure are presented in Appendix A.

The presence of an isomeric state (77,2 > 100 us) in ®Co
was first reported by Grzywacz et al. and it was proposed to
be a high-spin state which de-excites through 252-keV and
214-keV y-ray transitions [40]. These two transitions were
observed in the y-delayed-y spectrum gated on the 176-keV
transition (Fig. 9). The results obtained in the multinucleon
transfer studies of °Zn beam on 238U target performed at Lab-
oratori Nazionali di Legnaro suggest the order of the y rays in
the cascade de-exciting the 642-keV state should be reversed
compared to Ref. [40] since only the 252-keV transition was
observed [41]. These two transitions (214 and 252 keV) were
also observed in two independent deep-inelastic reactions
("°Zn+2%Pb and *Ni+>*%U; see Refs. [68-71] for experi-
mental details) performed at Argonne National Laboratory
[72]. They were registered in a prompt coincidence window
of 40 ns with the beam pulse and with each other, and
in a delayed coincidence (outside the 40-ns window) with
the 176-keV transition. These measurements contradict the
isomeric nature of the 642-keV state, hence, we conclude
that the isomeric state lies above the 642-keV level and the
energy difference between them is below 50 keV, which is the
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FIG. 7. The scheme of excited states in ®Co populated in 8~ decay of %Fe. The 8 feeding of the states should be treated as upper limits
and the log(ft) values as lower limits due to the pandemonium effect. The Q- value is taken from Ref. [62] and the limit for the half-life
of the second isomeric state from Ref. [40]. The half-life of the parent nucleus and the first excited state at 176 keV come from our analysis.
The spin and parity assignments are made based on the experimental results and the Monte Carlo shell model calculations; see text for details.
When indicated with an asterisk (*), the log(ft) value was calculated assuming second-forbidden unique transition.

low-energy detection limit reported in Ref. [40]. Since both
levels, 642 and 642 + x keV, are proposed to be high-spin
state (see discussion in Sec. IV), the feeding of the 642-keV
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FIG. 8. A portion of the y-y coincidence spectrum gated on the
471-keV transition. Beyond 600 keV, no peaks were observed.

level reported in Fig. 7 should be treated as an unobserved
feeding related to the pandemonium effect.

For the states with apparent 8 feeding consistent with zero,
95% credible limits were calculated. The log( f¢) values were
calculated as described in the previous section. The Qg- was
taken from AME2016 [62] and the half-life (7}, = 485",
ms; see following section for the details) from our analysis.

1. Half-life of *™'Co

The half-life of the first isomeric state was obtained by
analyzing the time behavior of the 176-keV transition after the
B signal (B-y coincidence) and after the 806-keV transition
(y-y coincidence). To obtain the the y-y coincidence data,
the 806-keV transition was chosen as a start signal and the
176-keV transition as a stop signal. The data were fitted from
0.5 to 10 s assuming an exponential decay model:

In(2)

Ay (t) = Aype T2

@)

For the -y coincidence, two separate sets of data were
prepared. The first set contained the number of counts in the
background area as a function of the time after the 8 signal
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TABLE III. Relative intensities (I;e') of the y-ray transitions

attributed to the decay of Fe to %Co, normalized to 100 units of the

471-keV transition. For absolute intensity, multiply by 0.20410.937.

E, I Eindal - plinal - Coincident lines (keV)
(keV) (keV)  (keV)
120.62)  146(57) 11693 1048.7 167.4
167.4(1) 3.56(69) 1048.7 8813 120.6, 801.3, 881.3
175.5(1) 25.1(20) 175.5 0.0 214.2% 251.8¢, 335.0%,
470.9%, 806.3
214.2(2)° 1.28(36) 6415 4273 175.5¢
251.8(3)° 0.92(24) 4273 1755 175.5¢
335.0(3)° 1.04(32) 510.8 1755 175.5¢
370.6(3) 3.33(89) 881.3 5108 510.8
470.9(1) 100.0 981.7 5108 510.8
510.8(1)° 1023344 5108 0.0  370.6,470.9, 538.1
538.1(2) 3.2(10) 1048.7  510.8 510.8
801.3(2) 4.1(13) 1849.7 1048.7 167.4, 1048.7
806.3(1) 25.7(25) 981.7 1755 175.5
881.3(2°  25.7(38) 881.3 0.0 167.4,9684, 1355.3
918.2(2) 10.1(19) 918.2 0.0 931.0
931.0(3) 4.4(12) 1849.7  918.2 918.2
968.4(2) 3.3(12) 1849.7  881.3 881.3
981.7(1) 24.5(30) 981.7 0.0
1023.8(4) 3.9(22) 2236.3 1212.0 1212.0
1048.7(1) 5.4(12) 1048.7 0.0 801.3
1212.0(2) 6.3(20) 1212.0 0.0 1023.8
1355.3(3)  10.4(30) 22363  881.3 881.3

#Seen in y-delayed-y coincidence.

"Energy and intensity obtained from y-delayed-y coincidence spec-
trum gated on the 176-keV transition.

“Energy obtained from y-y coincidence spectrum gated on the 471-
keV line.

dIntensity obtained by analyzing the time behavior of the transition;
see text for details.

®Energy obtained from y-y coincidence spectrum gated on the 167-
keV line.

"Intensity obtained by subtracting intensity related to the decay of
%Fe to ®Co.
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FIG. 9. A portion of the y-delayed-y coincidence spectrum
gated on the 176-keV transition (coincidence time window —2.5 to
—0.2 pus). The coincide transitions are labeled with the energy in keV.
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FIG. 10. A portion of the y-y coincidence spectrum gated on the
511-keV transition. Transitions at 371 and 471 keV are assigned to
the decay of ®Fe. There are also visible transitions assigned to the
decay of ®Mn: escape peaks (ep) of the high-energy y-ray transition
and their coincidences (the transition at 574 keV).

(light area in the insert of Fig. 11) and it was described by
an exponential decay model with a constant [Eq. (3)], which
reflects the existence of time-dependent and time-independent
parts of the background:

e
Apig (1) = Aprgoe ™

"y 3)

The second set contained the counts in the peak area
(dark area in the insert of Fig. 11) which was described
as an exponential decay function with the isomer half-life,
and an exponential function and a constant to include the

(%]
c
8 10! 165 175 185
= + Energy (keV)
o
c
5 _
S

100

107! = T ™1

T 1 L | T
4000 6000 8000 10000

Time after B (ns)

2000

FIG. 11. Counts in the peak area of the 176-keV y-ray transition
as a function of time after the § particle (red circles) with the fitted
function (black straight line) and counts in the background area (blue
squares) with the fitted function (blue dash-dotted line). Insert: a
portion of the S-delayed-y spectrum (coincidence time 0.5 to 10 us)
in the 176-keV y-ray transition region with marked peak area (dark
shade) and background areas (light shades). See text for details.
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FIG. 12. Time behavior of the 176-keV y-ray transition as a
function of time after the 806-keV y-ray transition. Insert: posterior
probability density function of the half-life of the first isomeric state
in %Co (T}, = 823733 ns). The 16th, 50th, and 84th percentiles are
indicated with vertical dotted lines.

background:

In(2) )

Ap(t) = Agoe T12" + Apgoe ™ + C. )

The background area was normalized to the number of
channels in the peak area. It was assumed that the parameters
in Eq. (3) and background parameters in Eq. (4) (Apkeo, Tbkes
and C) are identical. For both sets of data, the fitting region
was set from 0.6 to 10 us after 8 signal.

All datasets were fitted simultaneously assuming that the
free parameters are non-negative, which was provided by
using priors, and that counts in each bin are described by
Poisson distribution. The random walk was performed with
20 walkers and 10 000 steps, from which the first 15% were
rejected as a burn-in. The fits are presented in Figs. 11 and 12
and the posterior probability density function of the half-life
after the marginalization is presented as an insert of Fig. 12.
The value obtained in our analysis is equal to 823732 ns. Itis in
agreement with the half-life reported by Georgiev (830(10) ns
[65]) while there is a difference with the result reported by
Grzywacz et al. (1.21(1) us [40]). Georgiev suggested that
the value reported by Grzywacz et al. is a mean lifetime since
the difference between results is of about factor In(2).

C. Decay of *Co

The scheme of excited states in %°Ni (Fig. 13) was built
by setting the energy gates on the previously known y-ray
transitions [11,35,41,44,69,73-78] (Fig. 14). We confirmed a
decay scheme recently published in Ref. [44]. In addition, we
observed a y-ray transition at 3228 keV, which was assigned
to %Ni based on the energy matching with the excited state.
The list of transitions attributed to the decay of %Co is
presented in Table I'V.

Only selected states with spins and parities of 0T and 27
were observed in our analysis of the ®®Co 8~ decay. The upper
limits for the unobserved transitions from the known 0% and

Qg = 9598(14) keV
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FIG. 13. The scheme of excited states in ®Ni populated in 8~
decay of ®Co. The spin assignments and the energies of the unob-
served states are taken from Refs. [35,69,73]. The g feeding of the
states should be treated as upper limits and the log(ft) values as
lower limits due to the pandemonium effect.

2% states at 2443, 2907, 2974, and 3752 keV [35,69,73] to 0;
and 2, % were determined with 95% credible limits. For the
state at 3746 keV, which was observed in the (¢, p) reaction
[73], a systematic shift of —6 keV proposed in Ref. [69] was
applied. The results are presented in Table IV.

The direct feeding to the ground state obtained in our
analysis is equal to 67.17¢2%. The log(ft) values were

150 15
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FIG. 14. A portion of the y-y coincidence spectrum gated on the
1425-keV transition. The coincide transitions are labeled with the
energy in keV.

064326-9



M. STRYJCZYK et al.

PHYSICAL REVIEW C 98, 064326 (2018)

TABLE IV. Upper part: the relative intensities (I;el) of the y-ray
transitions assigned to the decay of %Co, normalized to 100 units
of the 1425-keV transition. For the absolute intensities, multiply by
0.31975:9 Lower part: the unobserved transitions from the known
0* and 27 states in ®°Ni with relative intensities given with 95%
credible limits.

E, (keV) e Eiitial (keV) Efinl (keV)
1245.5(1) 77.7(31) 2670.5 1425.0
1425.0(1) 100.0 1425.0 0.0
1803.5(3) 9.8(20) 3228.3 1425.0
2232.4(2) 3.1(11) 3657.4 1425.0
3228.0(6) 3.2(16) 3228.3 0.0
1018° <26 2443 1425.0
1482° <3.6 2907 1425.0
1549° <12 2974 1425.0
2327 <3.1 3752 1425.0
2907 <1.9 2907 0.0
3752¢ <15 3752 0.0

“Energy taken from Ref. [69].

"Energy taken from Ref. [35].

“Energy taken from Ref. [73] accounting for a systematic shift of
—6 keV (Ref. [69]).

calculated as described in the previous section. The Qg- was
taken from AME2016 [62] and the half-life of ®°Co (T}, =
200(20) ms) from NNDC evaluation [79].

D. Half-lives and ground-state feedings

To determine ground-state feedings in the analyzed nuclei
and their half-lives, the numbers of registered y rays and B
particles were compared. It was assumed that after closing
the beam gate, when there is no implantation, the number of
registered y rays assigned to a particular decay channel as a
function of time should be described by the y-decay curve,
which is an adequate Bateman’s equation (see Appendix B).
It was also assumed that the number of registered B particles
as a function of time (B8-decay curve) can be described as a
linear combination of all the y-decay curves:

Bty =" Ay ). ©)

Due to the long half-lives of nickel isotopes (2.5 h [80]
and 54.6 h [79] for ®Ni and °Ni, respectively), parame-
ters Aescy, Asscy, and Aesy, were set to zero. Because of
the low statistics, the part of the equation Aesc, Yoo (f) +
Assy; vosy; (1) was approximated by a constant value C. This
parameter contains also the contribution of the beam contam-
inants to the B-decay curve. Since both ®Fe and ®Fe are
produced in the B~ decay of ®*Mn, their y-decay curves can
be described by the same Bateman’s equation. After applying
these assumptions, Eq. (5) can be rewritten to Eq. (6), which
constitutes the model for B-decay curve:

B(t) = Areyp (1) + Assco Yas (1) + Asyg Yook, (1) + C. (6)

The y-decay curves were described by the most intense
transitions from each decay (574, 471, and 1425 keV). The

data were taken from the B-gated-y spectrum to include the
efficiency of the 8 detectors. To overcome the problem of the
background in the y spectrum, for each transition two sets
of data were prepared, one from the peak area and one from
the background area, as discussed in the section related to the
6m1Co half-life. The assumed model for the background data
set was an exponential decay function and a constant while
the peak area data sets were described by Eq. (7):

y(t) = yuE@t) + yP (), 7

where y2(¢) is the relevant Bateman’s equation and y°*&(¢) is
the background model. Two additional data sets were prepared
for the 364-keV transition in Fe. They were taken from the
B-gated-y spectrum with longer coincidence time (from 0O to
4.5 us) to account for the contribution of the isomeric state.

The simultaneous fit of nine data sets (signal and back-
ground data sets for each of 574-, 471-, 1425-, and 364-keV
transitions and one dataset with g particles) with 25 free pa-
rameters was performed with SATLAS. The likelihood function
was built assuming that the number of counts in each bin in
all data sets are following the Poisson distribution. The priors
were set to constrain the half-life of ®*Co to the literature value
(T1/2 = 200(20) ms [79]), the A parameters from Eq. (6) to be
equal or larger than 1, which reflects the fact that the number
of decays through excited states cannot exceed the number of
all decays, and the rest of free parameters to be non-negative.
The random walk was performed with 60 walkers and 100 000
steps, from which first 15% were rejected as a burn-in. The
results of the fit are presented in Fig. 15.

From the fit, two half-lives of the analyzed nuclei could
be extracted. For ®Mn, the obtained value is 7} 2 =64.1(11)
ms (Fig. 16), which is in an excellent agreement with the
weighted average reported in NNDC (65(2) ms [79]) and
with newer experimental results reported by Daugas et al.
(65(5) ms [59]), Liddick et al. (60(3) and 63(4) ms [43]), and
Olaizola ef al. (70(15) ms [45]). For ®Fe, the obtained value
is Ty = 4851”%3 ms (Fig. 17). This result is consistent with
440(60) ms coming from two separate experiments, reported
in Refs. [81,82], but it is significantly different from 351(6)
ms as reported in Ref. [42].

To extract ground-state feedings, each A parameter from
Eq. (6) was corrected by the y-detection efficiency (¢,,) and
by the intensity factor defined as f; = I, x (31, 10 gs.) "
where I, is the relative intensity of the transition used for
fitting (574,471, or 1425keV)and ) I, ¢, g.. is the sum of the
relative intensities of the transitions de-exciting directly to the
ground state. The latter factor includes the information about
the decays through excited states, which did not lead to the
emission of the selected y-ray transition. After applying the
corrections, the B parameters, defined as B = A x &, x fi,
were computed.

The missing feeding (mf) is related to the B parameter
through Eq. (8):

1
mf =1 B ®)

In the case of ®Fe decay to ®®Co and ®Co decay to
%Ni, the missing feedings are interpreted as ground-state
feedings (see the inserts of Fig. 15 for the posterior probability
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FIG. 15. The fit results of the y-decay curves to the number of 8 particles registered in time (red circles). The g-decay curve [Eq. (6)] is
plotted as a black straight line. The contribution of the Mn, %Fe, and ®Co decays is represented by the red straight line [Eq. (B1)], green
dashed line [Eq. (B2)], and blue dash-dotted line [Eq. (B3)], respectively. The purple dotted line represents a constant from Eq. (6). Insert:
posterior probability density functions of the direct feeding to the ground state of (from left) %Fe, ®Co, and ®Ni, and the probability of
B-delayed-neutron emission. The 16th, 50th, and 84th percentiles are indicated with vertical, dotted lines.

density functions), while in the case of the 56Mn B~ decay,
the missing feeding is interpreted as a sum of the ground-state
feeding to ®*Fe and the probability of the 8~ -delayed-neutron
decay. The latter one can be extracted by using Eq. (9):

1 o"F 1 1

Are afe 1 — gsfs g3t f364

P, )]
where Ag. and ' are parameters extracted from the fit of the

574-keV transition, o is the parameter from the fit of the
364-keV transition, gsf% is the direct ground-state feeding of

103
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FIG. 16. Time behavior of the 574-keV transition as a function of
time after PP (red circles) with the fitted function (black straight line)
and the background area of the 574-keV transition (blue squares)
with the fitted function (blue dash-dotted line). Insert: posterior
probability density function of ®Mn half-life. The 16th, 50th, and
84th percentiles are indicated with vertical, dotted lines.

8Fe from ®*Mn decay, and £3%* and f** are the y detection
efficiency and the intensity factor for the 364-keV transition,
respectively. The derivation of this equation is presented in
Appendix C. The ground-state feeding of ®Fe is defined as
a difference between the missing feeding and the probability
of B-delayed-neutron decay. The posterior probability density
functions of both the ground-state feeding of ®Fe and the
probability of the f-delayed-neutron are presented as the
insert in Fig. 15.

It should be noted that the presented method allows us to
estimate only the upper limits of the ground-state feedings as

.00 =4 — T

T T
400 600
Half-life of 66Fe (ms)

Counts /10 ms

200 400 600 1000

Time after PP (ms)

800

FIG. 17. Time behavior of the 471-keV transition as a function of
time after PP (red circles) with the fitted function (black straight line)
and the background area of the 471-keV transition (blue squares)
with the fitted function (blue dash-dotted line). Insert: posterior
probability density function of %Fe half-life. The 16th, 50th, and
84th percentiles are indicated with vertical, dotted lines.

064326-11



M. STRYJCZYK et al.

PHYSICAL REVIEW C 98, 064326 (2018)

TABLE V. The overview of the B(GT) values obtained from MCSM calculations and associated log(ft) values compared with the
experimental results. J7 and J7 are spins and parities of parent and daughter nuclei, respectively. The log(f7) values were calculated using a
formula ft = k(g2q>Bor)™", where ¥/g2 = 6147 s, 8a/gy = —1.2772 [90], and ¢ = 0.744 is a standard quenching factor [91]. The — symbol in
the log( )™ column indicates that the calculated state was not linked with any of the experimentally observed levels.

Mn — %Fe

Fe — %Co

%Co — %Nj

JTJF B(GT) log(fn)" log(fo™ Jr Ji  B(GT) log(f)" log(f0™ Jr Ji  B(GT) log(fn)" log(f)™
27 1,7 18x107' 459  4753) O,f 1,* 9.8x 1072  4.84  4386) 1,* 0,F 1.9x107' 455  4.77(7)
2,7t 2.8x107% 738  5.68(8) Lt 20x107" 452  4.33(10) 0," 9.0x1073 588 >6.1
2t 7.6x107* 695  5.86(6) I;t 7.8x 1072 4.94 - 0,7 32x107" 433 4.54(10)
2,7 1.1x1073 680  6.00(13) LY 39%x107°  6.25 - 0,5 39x1075 825 ~6.3
3;F 1.6x1073  6.63 - 2t 67x1073 601 5.8(3)
2t 38x1075 825 ~5.7

2,7 12x10°" 475  5.16(14)

2,7 13x1077 1073 >5.5

the missing feeding consists of a true ground-state feeding, as
well as an unobserved feeding from the higher lying excited
states (pandemonium effect).

The B feeding to the excited state is defined as a product of
the apparent B feeding to the selected state (I;") and the total
B feeding to the excited states, which is linked to the missing
feeding. After calculations, the formula used to obtain the S
feedings of the excited states in the analyzed nuclei is

1 J2PP
Iy = I (1 —mf) = 1;”"[1 - <1 - E)] - %.

The 11.5737% of the direct feeding to the ®*Fe ground state
and the 7.3ﬂ:‘1‘% probability of the f~-delayed-neutron emis-
sion are not in agreement with previously reported Igg,r =
36(6)% and P, = 4(1)% in Ref. [43], Iggsr = 47(8)% and
P, =3.8(8)% in Ref. [45], and P, = 9.5(5)% in Ref. [83].
Also, the 59.5721% of the direct feeding to the *°Co
ground state is not in agreement with 72(5)% reported in
Refs. [42,84], which can be explained by the fact we identified
three more y-ray transitions at 982, 1049, and 1212 keV
feeding the ground state. This discrepancy might also explain
the difference between our analysis and the feeding to the ®Fe
ground state reported in Ref. [45] since the latter one was
based on the values from Ref. [42].

(10)

IV. DISCUSSION

In order to obtain better insight into the structure of ana-
lyzed nuclei, Monte Carlo shell model calculations (MCSM)
were performed. These calculations were successfully used
in this region to explain, next to excitation energies, a broad
range of experimental observables, such as log(ft) values
[85], electromagnetic moments [86], and lifetimes of excited
states [35]. We assumed “°Ca to be an inert core and we
used the A3DA interaction, which covers pfgo/2ds/> valance
space for both protons and neutrons. The electromagnetic
transitions were calculated with the effective charges and g
factors. Their values were set to 1.5¢ and 0.5e for protons and
neutrons, respectively, and g/ = 1.1, g/ = —0.1, and g, =
0.7 g}?are. The details of the MCSM technique can be found in
Refs. [21,87,88].

A. Decay of *Mn

The ®Mn ground state has been previously tentatively
assigned with a spin and parity of 17 based on the significant
feeding to the ground state in the decay of *°Cr [89] and it
was further supported by a strong direct 8 feeding to the ®Fe
ground state in the ®*Mn decay, as reported in Refs. [43,45].
However, the direct ground-state feeding obtained in our work
(11.51’2:2%) is substantially lower than previously reported
results (36(6)% [43] and 47(8)% [45]). Different spin and
parity assignments have been investigated by computing the
low-lying states in ®*Mn in the Monte Carlo shell model cal-
culations and the 2* state was calculated as the ®*Mn ground
state. Furthermore, the calculations were able to reproduce a
strong direct B feeding to the state at 2874 keV in ®Fe only
assuming the 27 state as a ®®Mn ground state. There is a very
good agreement between the theoretical and the experimental
log(ft) values (see Table V) as well as the energy matching
between the experimental level and the theoretical 11 state
(see Fig. 19). The 11 assignment for the 2874-keV level is
also consistent with a direct deexcitation to the ®Fe ground
state and lack of y-ray transition to the (4T) state at 1407
keV. Thus, for the further discussion and interpretation, the
%Mn was tentatively assigned as (27) while the excited state
at 2874 keV in ®*Fe was assigned as (17).

Figure 19 shows a comparison of the observed and cal-
culated states in ®Fe together with the log(ff) values and
the intensities of the y-ray transitions. There is a very good
agreement between experimental and theoretical energies of
the excited states, however, the calculated log( ft) values are
substantially larger than the experimental results. The Qg- of
about 13 MeV together with the fact that the highest observed
state has about 3.6 MeV might suggest that part of the feeding
from the high-lying states is not observed (pandemonium
effect). The low-efficiency experimental setups are known to
be burdened with a systematic error related to the inability
to detect high-energy and low-intensity y-ray transitions. The
total absorption spectroscopy (TAS) measurements, which are
not affected by this issue, can significantly reduced the S
feedings of the low-lying states [92-98]. Consequently, the g
feedings presented in our work have to be treated as the upper
limits while the associated log( f¢) values are the lower limits.
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TABLE VI. The average occupation numbers of the selected states in the A = 66 chain obtained from MCSM calculations.

Nucleus J Proton occupation Neutron occupation

0f7/2 11’3/2 0f5/2 1P1/2 089/2 1dS/z 0f7/2 1173/2 0f5/2 1P1/2 089/2 1d5/2
%Mn 2% (g.s) 4.39 0.38 0.17 0.03 0.02 0.00 7.89 3.74 3.93 1.18 3.93 0.34
%Fe 0,7 (g.s) 5.40 0.34 0.19 0.03 0.04 0.01 7.85 3.52 3.93 1.26 3.21 0.23
%Fe 0," 5.39 0.35 0.19 0.03 0.04 0.01 7.87 3.65 3.98 1.33 2.89 0.28
Fe I+ 5.22 0.46 0.24 0.04 0.03 0.00 7.87 3.46 3.43 1.15 3.75 0.35
%Fe 2.t 5.29 0.42 0.21 0.03 0.04 0.01 7.85 3.48 3.82 1.15 3.42 0.29
%Fe 2," 5.26 0.43 0.23 0.03 0.04 0.01 7.86 3.54 3.94 1.37 3.07 0.21
%Fe 23t 5.36 0.38 0.19 0.03 0.04 0.01 7.88 3.66 3.95 1.51 2.76 0.25
%Fe 4, 5.22 0.47 0.23 0.04 0.03 0.00 7.86 3.46 3.76 0.97 3.59 0.36
%Co 117 (g.s.) 6.79 0.07 0.03 0.01 0.08 0.01 7.88 3.75 4.82 1.81 0.67 0.06
%Co 1,* 6.19 0.52 0.19 0.03 0.05 0.01 7.89 3.61 4.19 0.98 2.24 0.08
%Co 15" 5.29 0.66 0.74 0.27 0.03 0.01 7.83 3.05 3.54 0.52 3.58 0.48
%Co 2.t 6.75 0.12 0.04 0.01 0.08 0.01 7.90 3.75 4.72 1.82 0.75 0.06
%Co 3,F 6.63 0.20 0.08 0.01 0.07 0.01 7.88 3.70 4.83 1.13 1.38 0.08
%Co 4, 6.69 0.16 0.06 0.01 0.07 0.01 7.89 3.75 5.03 1.08 1.18 0.07
%Co 6," 6.81 0.06 0.03 0.00 0.08 0.01 7.90 3.76 4.78 1.84 0.67 0.06
%Co 6, 6.61 0.23 0.08 0.01 0.06 0.01 7.89 3.69 441 1.54 1.41 0.06
%Ni 0, %(g.s.) 7.59 0.22 0.06 0.01 0.10 0.01 7.86 3.49 4.74 1.08 0.77 0.06
%Ni 0, 6.61 0.92 0.30 0.08 0.07 0.01 7.83 3.30 3.44 1.30 2.07 0.06
%Ni (S 7.71 0.12 0.05 0.01 0.10 0.02 7.89 3.75 4.83 0.99 0.50 0.05
%Ni (U 5.34 0.75 1.37 0.48 0.06 0.01 7.77 2.30 3.35 0.52 3.51 0.55
%6Ni 2, 7.52 0.28 0.07 0.01 0.10 0.01 7.88 3.60 4.63 1.15 0.69 0.05
%Ni 2,F 6.59 0.94 0.30 0.08 0.07 0.01 7.83 3.34 3.46 1.30 2.02 0.05
%ONi 25t 7.68 0.16 0.04 0.01 0.10 0.01 7.90 3.77 4.08 1.73 0.46 0.06
%6Ni 24T 5.33 0.75 1.38 0.48 0.05 0.01 7.77 2.28 3.36 0.52 3.51 0.56

From our work, we confirm the spin sequence of the lowest
lying 2;%, 4;%, and 0,7 states. The theoretical half-life of the
first excited state (77, = 26.5 ps), computed by taking the
calculated reduced transition probability and the experimental
energy, is in very good agreement with the values reported
by Rother et al. (27.3(28) ps [60]), Crawford et al. (313
ps [16]), and Olaizola et al. (<44 ps [45]). The half-lives
of the 4, and 0,7 states obtained from MCSM calculations
assuming experimental transitions energies (2.9 and 9.2 ps,
respectively) are also in agreement with the recently reported
limits of <25 ps and <35 ps [45].

Based on a comparison with the MCSM calculations, we
tentatively assign spin and parity of 2% to the states at 1881
and 2121 keV. Next to the good energy matching between ex-
perimental results and theoretical calculations, the character-
istic y-decay pattern also agrees with the calculations. Using
the calculated reduced transition probabilities and the experi-
mental energies, the intensity ratios of transitions de-exciting
these two states were calculated and compared to the experi-
mental values (see Fig. 19). The transitions from the 2,* and
237" states to the 0,7 and 4, state are predicted to be two
orders of magnitude weaker than the most intense transitions
de-exciting each state, which is below our detection limit.

The Monte Carlo shell model calculations were used to
understand the differences in the 8 feedings of the *°Fe states.
The 1;% state, which is calculated at 3074 keV, has a large
B(GT) value corresponding to log(ft) = 4.55 (see Table V).
The analysis of the %*Mn(2,%) and °Fe(1,*) average oc-
cupation numbers (Table VI) indicates that the = decay is

dominated by the v0 f5,, — 70 f7,, Gamow-Teller decay. The
structure of the states can be also presented in the form of
T -plots (Fig. 18), which show the distribution of the MCSM
basis vectors on the potential energy surface (PES) [21,88,99].
The area of the circles, which represents the basis vectors,
is proportional to the overlap probability with the state wave
function. For the ground state of %6Mn, the circles are located
in the prolate deformation region of PES which might suggest,
together with a significant occupation of the v0go > shell, that
this nucleus lies within the island of inversion located around
%Cr [20]. A similar pattern of circles can be observed for the
1,* state in °°Fe which reflects the similarities in structure
with the ®*Mn ground state. The analysis of the Fe 2+ states
average occupation numbers compared to the 2+ **Mn ground
state show an increase in the average occupation number of
the 0 f7,, but a decrease in the v0go/> and v1pj3,, orbitals. A
detailed analysis of the MCSM wave function indeed suggests
that only minor components are relevant for the decay while
the main components do not contribute to the process. The
T-plot of the 2, state (Fig. 18) shows indeed that the wave
function is fragmented and the overlap between this state wave
function and the *Mn ground-state wave function is small.

B. Decay of Fe

The strong populations of the ground state and the excited
state at 982 keV in ®Co, which result in the log(ft) values of
4.38(6) and 4.33(10), respectively, suggest a spin and parity
of 1% for both of them. The ground-state assignment is in
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FIG. 18. T-plots of the selected states in the A = 66 chain.

contradiction with the previously proposed spin and parity
of (3") [75], however, it is in agreement with more recent
experimental studies [42,69] as well as with the population of
the 0" and 2% states in *Ni in the B~ decay of *°Co (see next
section for details). The 1" assignments are also supported
by the Monte Carlo shell model calculations (Fig. 20). The
Fe ground-state wave function is predicted to be fragmented
(Fig. 18), which might suggest a transitional nature of this
nucleus as it lies between the center of the island of inversion
around ®*Cr [20] and the spherical Ni [21] and allows
the decay to three 17 states with different shapes: spherical,
oblate, and prolate (Fig. 18). The energies and the log(ft)
values are well reproduced for the first and the second 17
states, however, we do not observed a state which can be
assigned as the third 17,

The half-life of the first excited state in ®*Co at 176 keV
(Tyy2 = 823:’%% ns) suggests a de-excitation through an E2

transition and, as a result, a spin and parity of 3*. This
assignment is consistent with the low g feeding of this state
(Ig < 1%) as well as with the Monte Carlo shell model
calculations. The first excited state is predicted to be 31 and
its half-life, assuming the experimental energy and theoretical
B(E?2) value, is 536 ns. Hence, we propose a tentative spin
and parity assignment of (37) for the state at 176 keV.

The state at 511 keV was tentatively assigned spin and
parity (27) based on the low B feeding, the strong feeding
from the 1, state at 982 keV, the de-excitation to the 1,
ground state and (3%) state, and based on the energy matching
with the Monte Carlo shell model calculations (Fig. 20).

The state at 642 keV was suggested to be an isomeric state
(T1/» > 100 us) which de-excites through an M2 transition
[40]. However, in the light of the results obtained in the
deep-inelastic scattering [72], we propose that an isomeric
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FIG. 19. The comparison of the observed states in *°Fe, log(f1)
values, and relative branching ratios from selected levels with the
MCSM calculations. The states up to 3.1 MeV are presented. The
theoretical intensities are calculated by taking experimental energies
and B(M1) and B(E?2) values from MCSM. Dashed lines represent
transitions which were not observed experimentally. Experimental
levels at 1407 and 1414 keV are shifted for the better visual repre-
sentation. The calculated 4, level is shifted —20 keV.
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FIG. 20. The comparison of the observed states in **Co, log(f1)
values, and relative branching ratios from selected levels with the
MCSM calculations. The states up to 1.2 MeV are presented. The
theoretical intensities are calculated by taking experimental energies
and B(M1) and B(E2) values from MCSM. Dashed lines represent
transitions which were not observed experimentally. The spherical
states are drawn in red, oblate in green, prolate in blue, and negative-
parity states in brown. The calculated 4% state is shifted —10 keV
and the 6, state is shifted —20 keV for better visual representation.
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FIG. 21. The comparison of the states in *Ni observed in the 8~
decay of ®Co (straight lines) and other experiments (dashed lines)
[35,69,73], and the log( f7) values with the MCSM calculations. The
states up to 4 MeV are presented. The experimental 3;" level is
shifted —20 keV and the theoretical 6; level is shifted 20 keV. The
spherical states are drawn in red, oblate in green, prolate in blue, and
negative-parity states in brown.

state lies less than 50 keV above the 642-keV level. Based
on the MCSM calculations, we tentatively assigned spins
and parities of 67, 67, and 4% for the levels 642 + x, 642,
and 427 keV, respectively. These assignments allow a de-
excitation of the 642 + x state through an E1 transition for
which the Weisskopf estimate of the half-life, assuming the
hindrance factor of 10° [100] and energy of 5 keV, is about
330 s and it is consistent with the experimental limit.

C. Decay of Co

Out of four known low-lying 0F and 27 states in ®*Ni,
only two of them are populated in the S~ decay of %°Co.
This selective behavior in the = decay can be understood
by looking at the MCSM calculations (Fig. 21). A strong
population of the 0; " and 03 states can be understood as a
single-particle Gamow-Teller decay of neutron at 0 f5/, shell
to the proton at 0 f7,> shell. Although the average occupations
of the v0fs/, shell are similar to the ground state of %o
(Table VI), the wave functions of the discussed nickel states
have two strong components, vfs, and vfs, + vp3,, from
which only the second one is participating in the 8~ decay
process. Since the amplitudes of these two components in the
0;* and 037 states are similar, the calculated B(GT) values
are of the same order (Table V). The same reasoning works
for the 21 and 237 states, where the component of interest,
Vfs)y 4 VD3, is coupled to J = 2. The difference is that for
the 2, state, the amplitude of this component is much smaller
than for 2;%, which leads to the differences in the average
occupation numbers and the enhancement of the decay to the
third 2 state compared to the first 2.

The calculations show substantial differences in the av-
erage occupation numbers between the states in ®Ni. The
0" and 27" states which are not populated in the B~ decay
have a significantly larger occupation of the neutron Ogg/»
orbital and the proton orbitals above Z = 28, compared to the
states populated in the 8~ decay. The simultaneous increase
of the proton and neutron excitations can be understood as
a type II shell evolution [21,34]. It was observed in other
nickel isotopes that with the increase of the v0gg,» occupa-
tion, the gap between 70 f7,, and 70 f5,, shells is reduced
[21]. The differences in the configuration are also leading to
shape coexistence, as can be deduced from the states’ T -plots
(Fig. 18). The 0" and 27 levels populated in the 8~ decay of
the spherical ®Co ground state are also spherical, while the
nonpopulated states are oblate or prolate deformed.

V. CONCLUSIONS

The excited states in the ©%Fe, %°Co, and ®Ni, populated
in the B~ decay of ®Mn, were studied be the means of y
spectroscopy. The decay schemes were build using §-y and
y-y coincidence techniques. The half-lives of two nuclei,
%Mn and ®Fe, and two isomeric states, ®"2Fe and 0! Co,
were determined in this analysis and compared with the
previous experimental results. The spins and parities of the
low-lying states were tentatively assigned based on the ex-
perimental data and theoretical calculations. The ground-state
B branchings, which were obtained by analyzing the y-ray
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intensities and by comparing the number of registered g and
y counts, are in contradiction with the previously reported
values for the ®Mn and %Fe decays, while for the decay of
%Co it was not previously reported.

The Monte Carlo shell model calculations with the A3DA
interactions were performed in order to obtain a better un-
derstanding of the structure of the analyzed nuclei. A strong
B feeding from a deformed ®*Mn ground state to the de-
formed 17 state at 2874 keV in °Fe was well reproduced as
well as the selective population of the 0" and 2% states in
Ni in the B~ decay of ®Co. The shell model calculations
suggest an onset of deformation in the A = 66 chain, from
the spherical *Ni and ®°Co through transitional Fe toward
prolate-deformed ®*Mn, which is related to the occupation of
the neutron 0go,, shell and the proton excitations across the
magic number Z = 28.
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APPENDIX A: INTENSITY OF THE 511-KEV TRANSITION
IN THE **Fe TO *Co DECAY

To obtain the intensity of the 511-keV transition, its time
behavior was analyzed. The utilized model [Eq. (Al)] de-
scribes the main sources of this y ray: 8~ decay of ®*Fe (Ng),
%Mn decay high-energy y rays (Ny,), Compton-scattered y
rays (Npke), environmental background (N, ), and other (N,):

Nsi1(t) = Nre(t) + Nyn(t) + Nokg(t) + Nogr(2) + No(2).
(AD)

The 511-keV transitions from the 8~ decay of *Fe have
the same time behavior as the 471-keV transition as they are
both originating from the same source. Hence, this part of the
model is parameterized as

Nee(t) = Ev2(1),

where £ (1) is the y-decay curve of the 471-keV transition
and & is the scaling parameter which is equal to the ratio

(A2)

of the number of registered counts of the 511- and 471-keV
transitions. By analogy, the high-energy y-rays from the ®*Mn
decay have the same time behavior as the 574-keV transition,
thus, they are described as

Nin(t) = ¢y22 (1),

The Compton-scattered background (Npkg) was described
by an exponential decay model with a constant to include

time-dependent and time-independent components:
In(2)

Nikg(t) = Nokgoe ot Chkg-

(A3)

(A4)

Both the environmental background (N,g) and the other
sources of the 511-keV transition (N,) were parameterized
using constants. '

As described in Sec. IIID, the y-decay curves [y:;gl and

Ysry from Egs. (A2) and (A3)] were constrained using for
each, the 471- and 574-keV transitions, one data set from the
peak area and one from the background area. The Compton-
scattered background part of the model was constrained by
using the data set from the 511-keV transition background
area while the environmental background was constrained by
the dataset from the 511-keV transition peak area collected
in the laser-off mode and scaled by the laser-on to laser-off
acquisition time ratio. All the data sets were taken from the
B-gated-y spectrum.

The simultaneous fit of seven data sets with 18 free pa-
rameters was performed with SATLAS. The fitting range was
set from 140 to 1000 ms after PP. Each parameter was set to
be non-negative by using priors. The likelihood function was
built assuming that the number of counts in each bin in all

>
0 0.025
10° S .
] ]
" 0.000 =TT TFTrTrrrrrrIro
= 75 100 125
S 102 . Int‘e'n5|ty (%)
]
C
>
S
10!
100, LI

T
400 600 800
Time after PP (ms)

2 CI) 0 1000

FIG. 22. The B-gated-y counts in the 511-keV transition peak
area as a function of time after PP (red circles) with the fitted function
[Eq. (A1), black straight line] and the B-gated-y counts in the back-
ground area (blue squares) with the fitted function [Eq. (A4), blue
dash-dotted line]. The contributions of the decay of **Fe (Ng.), *Mn
decay high-energy y rays (Nmn), the environmental background
(Nog), and other sources (N, ) are represented by the red straight line,
the green dashed line, the cyan dash-dotted line, and the purple dotted
line, respectively. Insert: posterior probability density function of the
511-keV transition intensity. The 16th, 50th, and 84th percentiles are
indicated with vertical, dotted lines.
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datasets are following the Poisson distribution. The random
walk was performed with 60 walkers and 100 000 steps, from
which the first 15% were rejected as a burn-in. The fit results
are presented in Fig. 22.
The intensity of the 511-keV transition can be linked to the
& parameter using Eq. (AS):
_ NSRH/si” _ sﬂ
N‘{‘;I/E?/m 8;11 ’

(A5)
J

where Ns;; and N47; are the numbers of emitted y rays,
NSR11 and N2, are the numbers of registered y rays, and si“
and 8;‘;7] are the detection efficiencies for 511 and 471 keV,
respectively.

After the marginalization, the & parameter was corrected
by the y-detection efficiencies and the obtained intensity is
equal to I5;; = 102.37%" . The posterior probability density
function is presented as an insert in Fig. 22.

APPENDIX B: BATEMAN’S EQUATIONS

Bateman’s equations can describe the decay numbers of the nuclei in the decay chain as a function of time and they depend on
the initial abundances of the parent and grandparent isotopes, and the half-lives. Equations B1 to B3 have been used to describe
the activities related to the decays of ®*Mn, °Fe and ®Ni, respectively.
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APPENDIX C: DERIVATION OF P, EQUATION

The P, value is defined as a ratio of decays through delayed neutron channel to all the decays:

Py

B1)
—m, _ - s
e WA o >+a§f’c°e i (B2)
-1
1 1 )}
66, - 6601
Tl/z0 T1/2 !
—1 n —1
—tes! 1 1 1 1
te 2 %Mn - %6Co 66Re - %Co
T T, T, T,
e
+ayNe Wi (B3)
Bu. 1)
B

Since both channels have the same time behavior and they are described by the Bateman’s equation with the same half-life, it
is enough to consider only amplitudes of these functions (@ parameters). The total number of decays can be written as

ﬂ = AFeaFea

(€2

where both parameters are determined from the fit. By analogy, the number of decays through delayed neutron channel can be

written as

65
Fe
,3" = AsSFeO[ .

(€3)

The o' parameter is determined from the fit of the 364-keV transition while Aesg, is unknown, but it can be linked to the

ground-state feeding of ®*Fe from %*Mn decay by using Eq. (8):

esf® =1

which then can be transformed into

- 364 £364°
A“Fegy i

1
()

1

AGSFC =

1 — gsfs e3ot f7o4

(C5)

All the parameters in Eq. (C5) are known from the analysis. By putting Eqgs. (C2), (C3), and (C5) into Eq. (C1), one can get

65
ﬂ Assp.o Fe

n
Pn — — Fe

B AFeaFe Ape ofe 1 — gSf65 8]3/64f1364 :

65
a Fe 1 1

(Co)
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