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The low-energy structure of ®Fe has been studied by means of y and fast-timing spectroscopy at the ISOLDE
facility, CERN. A level scheme of %Fe populated following the 8~decay of ®>Mn was established for the first
time. It includes 41 levels and 85 transitions. The excitation energy of the B-decaying isomer in %Fe has been
precisely determined at 393.7(2) keV. The B-delayed neutron emission branch was measured as P, = 7.9(12)%,
which cannot be reconciled with the previously reported value of 21.0(5)%. Four y rays and four excited states
in ®Fe were identified as being populated following the B-n decay. Four lifetimes and five lifetime limits in the
subnanosecond range have been measured using the advanced time-delayed By y (t) method. The level scheme
is compared with shell-model calculations. Tentative spin and parity assignments are proposed based on the

observed transition rates, the calculations, and the systematics of the region.
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I. INTRODUCTION

In the neutron-rich nuclei protons and neutrons occupy
different orbitals than in stable nuclei. This may lead to a
modification of the single-particle energies and the appearance
of strong quadrupole correlations, which in turn may neutralize
the spherical mean-field shell gaps. The quadrupole corre-
lations make deformed intruder configurations energetically
favorable. Therefore some of the shell closures established
along the valley of stability break down in nuclei with high
isospin values, resulting in new shell structures.

The interplay of spherical and collective configurations is
observed in the neutron-rich nuclei below Z = 28 and N = 40.
Figure 1 shows the systematics of the excitation E(2; ) energies
and B(E?2) values in the heavy even-even Ni, Fe, and Cr nuclei.
It shows a contrast between the systematics of Ni and of both
Fe and Cr. At N = 40 Ni shows the highest excitation energy
of E (ZT) and the lowest B(E?2) value for the subregion, while
these parameters take opposite characteristics for Fe and Cr.

Beyond N = 34, the g9/, neutron orbital starts playing an
important role. However, shell-model calculations using only
the pfg neutron valence space fail to correctly describe the
collectivity at N = 40 [1,2], and specifically the low energy
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of the 573-keV ZT state in °°Fe [3]. As pointed out in [4],
a proper description of the strong quadrupole collectivity in
this region requires also an inclusion of the neutron 1ds;,
orbital. Recently Lenzi et al. [5] have developed shell-model
calculations in a large valence space that encompasses the pf
shell for protons and the 1])3/2, 1p1/2 Of5/2, Ogg/z, and 1d5/2
orbitals for neutrons, by using a new effective interaction and
with the monopole part empirically tuned to reproduce the
experimental single-particle energies. With this approach a
very good agreement with the available experimental data was
obtained, not only for excitation energies but also for transition
rates.

The N =40 nucleus ®Ni (Z = 28) has a large E(2])
energy above 2 MeV [6] and a small value of B(E2; Of —
27) =265 e*fm* (3.2 W.u.) [7]. However, mass measurements
have showed that the shell gap at N = 40 is weak for °Ni [8],
implying that the small B(E2) value does not indicate a
subshell gap. As protons are removed from the f7/, orbital,
the energies of the 2;“ states drop sharply and the B(E?2)
values increase, as seen in Fig. 1. The lowest-lying 2 level
experimentally reported so far in the region is the 420-keV state
in ®*Cr [9]. It is in line with theoretical calculations [5], which
also predict a large value for the B(E2;2" — 0F) in ®Cr.
Recently this value was measured using the Coulex method to
be 21(5) W.u. [10].

Compared to %Fe, the 2] energy is lower in ®Fe [13]
at 517 keV. This behavior suggests a rapid development of
collectivity in the heavier neutron-rich Fe isotopes where the
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FIG. 1. (Color online) (a) Systematics of the E (21+) energies.
(b) B(E2) values in the ®®Ni region. Data were taken from [11], except
for *Cr and ®*-%®Fe values from [10] and >*%%62Cr values from [12].

Vgo, orbit plays an important role (see for example Ref. [2]).
This is consistent with a decreasing excitation energy of the
9/2% isomers in the odd Fe isotopes. Precise experimental
information on the Fe isotopes is therefore crucial to better
understand the nuclear structure in this region and to map the
onset of collectivity. Of particular interest are transition rates,
which provide stringent tests of theoretical models and probe
the collective and single-particle nature of states.

Our present study includes the y and fast timing spec-
troscopy of the levels in ®*Fe populated following the 8 decay
of *Mn. The advanced time-delayed (ATD) By y(t) method
[14,15] has been employed to measure excited level lifetimes
in the subnanosecond range. Prior to this study, there was
scarce information on the 8 decay of ®Mn and on the levels in
5Fe. The half-life of the ®*Mn ground state has been measured
as 92(1) ms [16]. A P, =21.0(5)% for the B-n branch of
% Mn was reported by Hannawald [17], who concluded that all
the delayed neutron intensity directly feeds the ground state
of %Fe.
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A 420(13)-ns isomer was identified at 396.8 keV, which
feeds the 363.3(5)-keV level by a 33.5(5)-keV transition
[18-20]. The 33.5-keV transition was assigned as E1 [21]
although no evidence was provided. A second isomer in ®Fe
was identified using Penning trap mass spectrometry. The
excitation energy of this f~decaying state was measured at
402(10) keV [22,23]. Precise y-spectroscopic studies estab-
lished that the two B-decaying states in ®Fe populate two
sets of mutually independent level schemes in Co [24]. The
half-lives of the B-decaying states were measured as Ty, =
1.12(15) s for the 402-keV (9/2%) isomer and T/, = 0.81(5)
s for the (1/27) ground state [24]. Studies using multinucleon
transfer reactions [2] revealed two transitions in ®*Fe which
most likely form a high-spin yrast cascade. These transitions
are not expected to be observed in the 8 decay of ®Mn.

A tentative partial level scheme of Fe following the S
decay of ©Mn was proposed by Gaudefroy et al. [25], where
ten transitions in the B decay of ®Mn were identified and
five of them were placed in a tentative level scheme. Since no
yy coincidences were observed two new levels at excitation
energies of 455 and 1089 keV were proposed based on the
energy matching.

II. EXPERIMENTAL DETAILS

The activity of ®®Mn was produced at the ISOLDE facility
at CERN by the bombardment of a UC,/graphite target with
1.4-GeV protons. The reaction products diffused out of the
target matrix, were ionized by the selective resonant ionization
laser-ion source RILIS [26], and accelerated to 30 kV. The
A = 65 ions were then mass separated by the General Purpose
Separator (GPS) [27] and implanted into a thin aluminium foil
in the center of the experimental setup. The proton beam was
pulsed, with proton packets separated in time by multiples of
1.2 s. During the proton impact the ion beam was deflected for
6 ms by an electrostatic gate, preventing contamination with
other masses. After a predefined period of time of 400 ms the
beam was deflected again in order to block the collection of
long-lived activities released from the target, and the collected
sample was allowed to decay out. In our experiment the ions
were deposited on the collection foil creating a saturated source
that included short- and long-lived decay products from the
decay of ®*Mn and its daughters. No old activity was removed
from the source. The strongly produced 15 min Ga was also
present in the data as a contaminant that was surface ionized in
the hot tungsten [28] tube where the laser beams interact with
the effusing manganese atoms. Manganese and other isobars
(Fe, Co, Ni, Cu, Zn) have higher ionization potentials and
show negligible surface ionization.

The measurement station included five detectors positioned
in a close geometry around the beam deposition point. The
fast timing B detector was a 3-mm-thick NE111A plastic
scintillator placed directly behind the radioactive source.
The y-ray detectors included two fast-response LaBrs;(Ce)
scintillators in the shape of truncated cones (38.1 mm in
height, 38.1 mm diameter at the bottom, and 25.4 mm
diameter at the entrance window), which were coupled
to the Photonis XP20D0 photomultipliers, as well as two
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high-purity germanium (HPGe) detectors with relative effi-
ciencies of 60%. The experimental setup and data collection
were optimized for the application of the ATD By y () method
described in [14,15,29], so only a few details are given
below.

The data were collected using a digital data acquisition
system which consisted of four Digital Gamma Finder (DGF)
Pixie-4 modules, revision C [30]. Ten parameters were
collected in an independent ungated mode without external
triggers: energies from five individual detectors, four time
differences between $ and each y detector signals, and the
time of arrival of the proton pulse on the target. A Pixie
time stamp was added to each collected parameter. Coincident
events between detectors were sorted offline. For precise
timing information we had set four analog time-delayed
By(t) coincidence systems, each started by a signal from
the B detector and stopped by a fast signal from one of
the y detectors. The time range was 50 ns for coincidences
between the scintillator detectors and 2 us for the S-HPGe
coincidences. The analog outputs from the time-to-amplitude
conversion (TAC) units were fed to the Pixie-4 modules.

The energy and efficiency calibrations of the HPGe de-
tectors were made using the sources of I52Ey, 24Na, %8Rb,
and '“°Ba. During the whole measurement the energy shifts
remained within the £0.1 keV limit. At the energies below
120 keV relative efficiency calibrations were provided by the
decay of %*Co to *Ni observed in the same experiment.

A. Time-response calibrations of the scintillator detectors

The lifetime measurements in subnanosecond range were
performed using the By y () method [14,15,29]. The time-
delayed By (¢) coincidences were started by a signal from the
B detector and stopped by one of the LaBr;(Ce) y detectors.
An additional coincidence with the HPGe detector was used
to select the desired y-decay branch. A comparison of the
yy coincidences using HPGe-HPGe and HPGe-LaBr3;(Ce)
detectors revealed the exact composition of the LaBr;(Ce)
coincident spectra which were characterized by worse energy
resolution. The time-response calibrations of the fast timing
detectors were performed using the B-decay sources of
140Ba/140La, 88Rb, and **Na. We have corrected for the B
walk curve nonlinearity using our standard procedures. The
residual differences from a flat constant response were on the
average less than 5 ps.

The time responses of the LaBr;(Ce) y detectors were
calibrated to within 10 picosecond precision separately for the
Compton and the full-energy-peak (FEP) y events detected in
the crystals. The time response of a Compton events is different
from the FEP of the same energy [29]. The procedure started
with the construction of an ‘approximate prompt curve” (APC)
using the Compton events for transitions following the decay
of the >*Na source, and then using this curve to extract ‘residual
differences” (RD) between the FEP events and the APC curve
using different sources. Our procedure is very similar to the
one described in detail in Ref. [29]. The residual differences
for the Compton and FEP events are shown in Fig. 2, which is
equivalent to Fig. 4 in Ref. [29].
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FIG. 2. (Color online) Residual difference curves showing rel-
ative time response for the LaBr;(Ce)-1 detector as a function of
energy for the FEP (solid line) and Compton events (dashed line).

III. RESULTS

The identification of y rays belonging to the § decay of
% Mn was made in three different ways. First, a two-parameter
data set, which included the energies of events recorded in the
HPGe detector and the time elapsed between the event and
the last proton pulse, was analyzed. The short-lived activity of
%Mn was enhanced in the offline sorting by selecting a time
window from 10 to 450 ms after the proton pulse. Longer-lived
components, including lines from 65Ga, have been subtracted
using an equivalent time window above 800 ms, which
contained virtually no ®Mn activity. An almost pure > Mn
HPGe energy spectrum is shown in Fig. 3. Some of the longer
lived decay products were oversubtracted and appear in the
spectrum as small negative peaks. Figure 4 shows an equivalent
energy spectrum observed in a LaBr3(Ce) detector, which was
characterized by 3.3% energy resolution at 900 keV.

Then, using the same data set, gates were set on the full
energy peaks in the HPGe spectrum and projected on the proton
time spectra. The y rays were identified as belonging to the
%Mn decay when their time spectrum was consistent with
the decay half-life of 92 ms [16]. Finally the identification of
a line from the decay of Mn was made based on firm yy
coincidences with the Mn lines already identified in the first
two steps.

A. %Mn half-life

The %Mn half-life was obtained by fitting a proton time
spectrum sorted out from the aforementioned two-parameter
data set. It was gated by the 363.7-keV y ray and projected onto
the time elapsed from the last proton pulse shown in Fig. 5.
A portion of the spectrum, from 400 to 1200 ms, was fitted to
an exponential decay plus a constant background. Note, that
at 400 ms after the proton pulse the beam gate was closed and
radioactive sample was left free to decay. The fitted slope gives
T = 91.9(9) ms in very good agreement with the adopted
half-life of 92(1) ms [16]. A similar analysis was performed
on the five transitions at 455.6, 569.1, 683.3 (a doublet),
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FIG. 3. Lower (a) and higher (b) energy spectrum recorded in
a HPGe detector sorted from the two-parameter data set involving
HPGe events and the time elapsed between the event and the last
proton pulse. A time gate was set on the proton time spectrum in order
to enhance the ®Mn activity. Longer-lived activities were subtracted
as discussed in the text.

725.2, and 1002.9 keV. Their weighted average gives a
comparable value T/, = 92.0(13) ms.

B. yy coincidences

The level scheme was constructed using the HPGe-HPGe
yy coincidences. In order to enhance the > Mn activity a gate
was also set on the proton time spectrum between 10 to 450 ms.
Figure 6 shows y rays in coincidence with the 363.7-keV line.

The level scheme for the B decay of ®Mn to %Fe is
summarized in Figs. 7 and 8 and Tables I and II. It includes
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FIG. 4. LaBr;(Ce) energy spectrum obtained in an equivalent way
to the HPGe energy spectrum. The most intense transition energies
in ®Fe are labeled.
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FIG. 5. (Color online) The time spectrum for the time elapsed
from the last proton pulse for the HPGe events gated by the 363.7-keV
transition. The fit between 400 and 1200 ms gives the half-life of
%Mn; see the text for details.

85 transitions and 41 excited states, while a level scheme in
%Fe populated in the 8-n branch is presented in Table III. The
y-ray intensities were obtained from the y-ray singles spectra,
except for the y rays that were part of unresolved multiplets
or were too weak to clearly show up in the singles spectra. In
those cases their energies and intensities were obtained from
the yy coincidences. There are a few high-energy transitions
for which no coincidences were observed. They are assigned
to %Fe, although there is a minor possibility that they belong
%Fe. Without a detailed **Fe level scheme, this possibility
cannot be completely excluded.

Out of ten transitions for the decay of Mn to % Fe identified
in [25] we confirm seven lines at the energies of 92, 363, 455,
684, 724, 1004, and 1089 keV. It is not certain whether the
214-keV line listed in Ref. [25] is our 215.8-keV transition, but
we definitely did not identify transitions of the energies 1550
and 1843 keV as belonging to the decay of ®Mn. Based on
our yy coincidences we confirm the very tentative and partial
level scheme proposed in [25] based on the energy matching.

C. The exact energy of the $-decaying isomer

The 215.8-keV transition is in firm mutual coincidences
with the 757.2-, 763.0-, 1123.0-, and 1392.4-keV y rays
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FIG. 6. A yy coincident spectrum gated on the intense 363.7-keV
line in a HPGe detector and projected onto the second HPGe detector;
see the text for details.
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TABLE 1. A list of y-ray energies, relative intensities, placement, and the strongest yy coincident transitions from the 8 decay of ®Mn.

E, (keV) Ellzz’lilﬂ (keV) Eﬁ’;‘ (keV) I;C' Strongest y y coincidences (keV)

33.9(2) 397.6(2) 363.7(1) 4(1)*

92.0(1) 455.6(1) 363.7(1) 0.8(1) 228.1, 363.7, 439.5, 683.8, 1103.6

114.5(3) 683.3(1) 569.1(1) 0.2(1)° 205.7, 363.6, 569.3

163.1(1) 561.0(2) 455.6(1) 0.7(1) 363.7, 456.0, 528.5

197.6(3) 561.0(2) 363.7(1) 1.4(1)° 363.7,528.2,2371.7

205.3 (2) 569.1(1) 363.7(1) 0.3(1) 363.7, 455.0, 520.4, 633.3, 725.9, 1318.3

215.8(1) 609.5(3) 393.7(2) 2.9(2) 757.5,763.4,1123.0, 1392.5

227.7(1) 683.3(1) 455.6(1) 2.5(2) 92.8, 363.7, 374.0, 405.9, 455.8

319.7(1) 683.3(1) 363.7(1) 4.4(3) 363.9, 374.6, 405.9, 683.8, 724.6, 875.8, 1319.0

363.7(1) 363.7(1) g.s. 100 92.4,163.5,197.7,205.9, 227.9, 319.9, 374.4, 405.8, 439.3, 531.5, 659.7, 683.7,
693.9,725.4, 875.4,969.1, 1002.9, 1195.2, 1318.3, 1330.1, 1368.7, 2372.1

374.1(1) 1057.3(1) 683.3(1) 1.0(1) 227.8,319.6, 363.9, 455.9, 683.5, 796.7, 2341.5

405.6(1) 1088.7(1) 683.3(1) 1.8(1) 227.9, 320.0, 363.9, 455.9, 683.6

439.2(1) 894.8(1) 455.6(1) 3.5(3) 92.2,363.5,455.9,472.4,958.7

455.6(1) 455.6(1) g.s. 24.4(18) 227.9,374.1, 405.8, 439.4, 472.3, 601.9, 633.5,

683.7, 875.8, 911.0, 958.6, 1001.6, 1103.2

472.0(1) 1366.6(2) 894.8(1) 0.9(1) 92.9, 363.7, 439.4, 455.9

488.3(2) 1057.3(1) 569.1(1) 0.2(1) 569.2

501.3(5)° 0.2(1)

519.8(1) 1088.7(1) 569.1(1) 4.3(3) 205.9, 569.4

528.1(1) 1088.7(1) 561.0(2) 0.9(1) 163.6, 197.6, 363.7, 561.1

531.1(1) 894.8(1) 363.7(1) 1.1(1) 363.8, 472.0, 837.7, 958.5

560.8(1) 561.0(2) g.Ss. 2.7(2) 528.4,806.2, 811.6, 1163.2, 1559.4, 2444.8, 3535.1

569.1(1) 569.1(1) g.s. 8.4(6) 114.4, 488.2, 520.0, 796.8, 989.7 1123.9, 1163.7, 1731.9, 1950.7, 2371.2

601.7(1) 1057.3(1) 455.6(1) 0.9(1) 92.5,363.8,455.9

633.2(1) 1088.7(1) 455.6(1) 2.2(2) 92.3, 363.9, 455.9

659.7(1) 1057.3(1) 397.6(1) 0.8(1) 363.9

683.3(1)¢ 683.3(1) g.s. 3.6(3) 92.4,228.1,319.9, 363.7, 374.5, 405.8, 455.9, 683.5, 875.9

683.3(1)¢ 1366.6(2) 683.3(1) 2.6(2) See above

691.5(5)° 1088.7(1) 397.6(1) 0.2(2) 363.5

693.7(1) 1057.3(1) 363.7(1) 2.2(2) 363.7

725.2(1) 1088.7(1) 363.7(1) 8.8(7) 363.7

757.2(2) 1366.6(2) 609.5(3) 0.2(1) 215.9

763.0(3) 1372.6(3) 609.5(3) 0.2(1) 215.8

772.6(2) 1228.2(2) 455.6(1) 0.4(1) 92.3, 363.5, 455.9

796.4(4) 1853.5(4) 569.1(1) 0.9(2) 569.4

796.9(1) 1366.6(2) 1057.3(1) 0.5(1)° 693.9

805.9(2) 1366.6(2) 561.02) 0.3(1) 163.5, 197.8, 363.7, 560.1

811.6(1) 1372.6(3) 561.0(2) 0.3(1) 197.5,561.9

837.6(5) 1732.5(4) 894.8(1) 0.6(1)° 439.9,455.2

875.7(1) 1558.9(5) 683.3(1) 0.8(1) 115.6,227.9, 319.9, 363.9, 455.9, 683.4

911.1(2) 1366.6(2) 455.6(1) 0.3(1) 92.8,364.3,455.9

958.5(2) 1853.5(4) 894.8(1) 0.9(1) 364.4,439.4,455.9, 531.5

969.1(1) 1366.6(2) 397.6(1) 0.8(1) 363.8

989.7(1) 1558.9(5) 569.1(1) 0.7(1) 205.4, 363.4, 569.3

1001.6(5) 1457.2(5) 455.6(1) 0.8(1)° 92.0, 363.9, 455.8

1002.9(1) 1366.6(2) 363.7(1) 4.8(4) 364.0

1051.5(5)¢ 0.2(1)

1057.2(1) 1057.3(1) g.s. 0.7(1)

1088.6(1) 1088.7(1) g.s. 16.9(13)

1103.2(1) 1558.9(5) 455.6(1) 1.4(1) 92.5,363.4,455.8

1123.0(2) 1732.5(4) 609.5(3) 0.6(1) 216.3

1124.6(5) 1693.7(1) 569.1(1) 0.2(1)° 569.0

1132.4(5) 1530.0(5) 397.6(2) 0.2(1) 363.5

1161.5(3) 1558.9(5) 397.6(1) 0.5(1) 364.0

1163.6(3) 1732.5(4) 569.1(1) 0.2(1)° 569.0

1195.2(2) 1558.9(5) 363.7(1) 0.6(1) 364.0
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TABLE 1. (Continued.)

E, (keV) Ellgml (keV) E"fnvfll (keV) I;e' Strongest yy coincidences (keV)
1296.2(2) 1693.7(1) 397.6(1) 0.6(1) 364.0
1318.7(2) 2002.0(3) 683.3(1) 0.6(1) 319.9, 363.7, 683.8
1330.0(1) 1693.7(1) 363.7(1) 1.2(1) 364.1
1366.2(4) 1366.6(2) g.s. 0.3(1)

1368.9(3) 1732.5(4) 363.7(1) 0.6(1) 363.8
1392.4(4) 2002.0(3) 609.5(3) 0.2(1) 2159
1397.8(3) 1853.5(4) 455.6(1) 0.2(1) 92.1, 364.0, 455.0
1432.8(3) 2002.0(3) 569.1(1) 0.3(1) 205.5, 363.7, 569.6
1449.1(4) 1449.1(4) g.s. 0.4(1)

1472.0(6) 1472.0(6) a.s. 0.1(1)

1559.4(4) 1558.9(5) g.s. 0.1(1)

1674.2(7) 1674.2(7) g.s. 0.1(1)

1693.7(4) 1693.7(1) a.s. 0.3(1)

1732.5(4) 1732.5(4) g.s. 0.3(1)

1951.1(4) 2520.2(4) 569.1(1) 0.4(1) 205.6, 363.6, 569.4
2301.3(8) 2301.3(8) g.s. 0.1(1)

2341.4(7) 2341.4(7) g.s. 0.1(1)

2371.7(4) 2932.6(4) 561.0(2) 0.6(1) 197.6, 363.8, 561.1
2444.8(7) 3013.5(7) 569.1(1) 0.3(1) 205.5, 363.6, 569.0
2534.8(8) 2898.5(8) 363.7(1) 0.3(1) 363.3
2561.8(7) 3245.1(7) 683.3(1) 0.4(1) 320, 364, 683
2638.9(8) 2638.9(8) a.s. 0.1(1)

2690.4(8) 2690.4(8) g.s. 0.2(1)

2780.2(8) 2780.2(8) g.s. 0.2(1)

2839.8(8) 2839.8(8) a.s. 0.3(1)

3013.1(6) 3013.5(7) g.s. 0.5(1)

3035.6(5) 3399.3(5) 363.7(1) 0.3(1) 363.3, 569.3
3306.0(9) 3306.0(9) a.s. 0.3(1)

3373.9(8) 3373.9(8) g.s. 0.2(1)

3420.9(9) 3420.9(9) g.s. 0.3(1)

3535.0(4) 4096.0(4) 561.0(2) 0.6(1) 561
4438.2(9) 4438.2(9) g.s. 0.3(1)

“Total intensity obtained from the time-delayed component of the 363.7-keV transition; see the text for details.

"Intensity obtained from yy coincidence spectra.
°y rays assigned to the ¥Mn decay but not placed in the level scheme.

4Doublet in Fe; the intensity is obtained from coincidences with 374.1- and 405.6-keV transitions.

¢Only observed in the delayed coincidences of the 363.7-keV transition.

(see Fig. 9). If the 215.8-keV line feeds a level at 393.7(2)
keV, then one defines a new level at 609.5 keV deexcited by
the 215.8-keV transition, and then all four coincident lines
deexcite levels already assigned to the level scheme based on
other yy coincidences. The 393.7-keV level is identified as
the isomeric level at 402(10) keV reported in [22]. Thus the
energy of the B-decaying isomer is precisely determined at
393.7(2) keV. We found no y rays de-exciting the 393.7-keV
level. In particular for the 393.7-keV transition an upper limit
of intensity was established at 0.15 relative to 100 for the
363.7-keV transition.

D. The 420-ns isomer

Using the time-delayed yy(#) coincidences between two
HPGe detectors we have confirmed the excitation energy and
the half-life of the 396.8-keV 420(13)-ns isomer reported in
[19]. Figure 10 shows the coincident HPGe spectrum gated by

the 363.7-keV transition with two additional gates. One gate
was set on the proton time between 10 to 450 ms to enhance
the ®Mn decay, while the second gate was set on the ~400 ns
slope part (outside of the semiprompt region) of the yy(¢)
time-delayed spectrum where the 363.7-keV transition was
selected in the HPGe-STOP detector. The transitions shown
in the spectrum are those which are feeding the 420-ns isomer
from above and have started the time measurement. These
are the transitions at 163.1, 659.7, 969.1, 1132.4, 1161.5, and
1296.2 keV, which feed the 397.6-keV level and are coincident
to the 363.7-keV line via the unobserved 33.9-keV transition.
All these y rays feeding the isomer deexcite established levels
in Fe. The energy of the deexciting transition is 33.9(2) keV
based on the energies of the levels involved. Unfortunately, it
is not directly observed by us as the energy threshold on each
of our HPGe detectors was above this energy. By resorting the
data and constructing a time-delayed spectrum started by the
feeding y rays and stopped by the 363.7-keV line, one obtains
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TABLE II. A list of level energies, level half-lives, 8 feeding,
log ft, and spin-parity assignments for the levels populated in the
B decay of %Mn to ®Fe. The log ft values were calculated using
Ti/» = 91.9(9) ms and Qs = 10.254(6) MeV [31].

PHYSICAL REVIEW C 88, 044306 (2013)

TABLE III. y rays assigned to “Fe from the 8-n decay of ®Mn.
The intensities are normalized to the 363.7-keV intensity of 100.

E, (keV) Ege (keV) Efdl (keV) I y-y coincidences (keV)

initial

Elevel (keV) ﬂ feeding log(ft) Tl/2 Jn

0 <8.8 >6.0 0.81(5) s 1/27)
363.7(1) 42(5) 4.63(7)  93(3) ps 3/27)
393.7(2) 1.12(15) s 9/2")
397.6(2) 0.1(6) >6.4  437(55) ns (5/2%)
455.6(1) 8.1(11)  5.33(5) 350(10) ps 5/27)
561.0(2) 152)  6.06(8) 390(50)ps (3/2+,3/27,5/27)
569.1(1) 0.9(4) 6.31(5) <12 ps (1/2,3/2)
609.5(3) 1L.0(1)  6.2(6) 7/2%)
683.3(1) 213)  5.86(8) 24(12)ps (3/2%,3/27,5/2)
894.8(1) 1.4(2) 5.99(8) <27 ps (7/27)
1057.3(1) 2.9(2) 5.64(6) <8 ps? (3/27,5/27)
1088.7(1)  20.7(9)  478(5) <8 ps* (3/27,5/27)
1228.2(2) 0.2(1)  6.76(23)

1366.6(2) 6.3(3) 5.23(5) <8 ps* 5/27)
1372.6(3) 0.3(1)  6.55(15)

1449.1(4) 0.3(1) 6.31(10)

1457.2(5) 0.5(1) 5.59(5)

1472.06)  0.1(1)  7.0(5)

1530.0(5) 0.2(1) 6.74(22)

1558.9(5)  24(1)  5.61(5)

16742(7)  0.1(1)  7.0(5

1693.7(1) 1.3(1) 5.84(6)

1732.5(4) 1.4(1) 5.8(6)

1853.54)  1.2(1)  5.84(6)

2002.0(3) 0.7(1) 6.04(8)

2301.3(8) 0.1(1) 6.8(5)

41.47)  0.1(1)  6.8(5)

2520.2(4) 0.2(1)  6.45(23)

2638.9(8) 0.1(1) 6.7(5)

2690.4(8) 0.1(1) 6.7(5)

2780.2(8) 0.1(1) 6.7(5)

2839.8(8) 0.2(1) 6.4(2)

2898.5(8) 0.2(1) 6.4(2)

2932.6(4) 0.4(1) 6.04(12)

3013.5(7) 0.5(1)  5.92(10)

3245.1(7) 0.3(1) 6.07(15)

3306.009) 0.2(1)  6.23(23)

3373.9(8) 0.1(1) 6.5(5)

3399.3(5) 0.2(1) 6.2(23)

3420.909) 0.2(1) 6.2(23)

4096.04)  0.3(1)  5.81(15)

4438.2(9) 0.2(1) 5.87(23)

4]ndicates time calibration level; see the text for details.

a spectrum shown in the inset to Fig. 10. The slope in the time
spectrum gives a half-life of 437(55) ns in agreement with the
known half-life of the isomeric state.

In order to get the relative total intensity of the 33.9-keV
y-ray, we have sorted time-delayed Sy (¢) coincidences using
B and HPGe detectors with two gates: one set on the
363.7-keV transition in the HPGe and the other on the proton
time spectrum between 10 and 450 ms in order to enhance the
%5 Mn activity. The By (¢) time spectrum shows a large prompt

746.4(1)  746.4(1) gs.  4.4(2) 10174, 1105.8, 1370.7
1017.4(3) 1763.8(3)  746.4(1) 0.4(1) 746.4
1105.8(5) 1852.2(5)  746.4(1) 0.5(1) 746.4
1370.7(5) 2117.1(5)  746.4(1) 0.2(1) 746.4

peak and a sloping delayed component with a half-life of about
~400 ns. The area of the delayed component corresponds
to the intensity of the 33.9-keV transition while the total
area of the time spectrum represents the total intensity of the
363.7-keV line. The total intensity of the 33.9-keV transition
was estimated to be 4(1) in relative units. This intensity
includes conversion electron contribution and is independent
of the multipolarity of the transition.

The intensity sum of the observed y rays feeding the
397.6-keV isomeris 3.9(2) in relative units, which compared to
the total intensity of the 33.9-keV transition of 4(1) implies that
this isomer is weakly, if at all, directly populated in 8 decay of
%Mn. No indication of any other y ray deexciting this isomer
was found. In particular no y ray of energy 397.6 keV was
identified and an upper limit of its intensity is 0.15 in relative
units.

E. Absolute § and y intensities

In the following discussion we will use the term “relative
intensity” to define an intensity normalized to 100 for the
363.7-keV line and “absolute intensity” to define the intensity
per 100 B decays of Mn expressed in %.

The A = 65 measurement was run for 18 hours in satu-
ration mode and as a consequence an intensity balance was
established in the A = 65 decay chain and in the 8-n branch
along the A = 64 chain. Measurement of the absolute decay
branches for the decay of *Mn was then possible using
absolutely calibrated y transitions from other members of the
decay chain. We assume here that only one S-decaying state
of %Mn is present in this measurement and that the ion source

215.8 keV coincidences

Counts
53.0 keV757.2 keV
1123.0 keV

1392.4 keV

VARt

\‘ LI
700 800 900 1000 1100 1200 1300 1400 1500

Energy (keV)

FIG. 9. yy coincident spectrum gated by the 215.8-keV transi-
tion, with the only y ray directly feeding the S-decaying isomer at
393.7 keV.
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FIG. 10. (Color online) Time-delayed coincidence HPGe y
spectrum gated by the 363.7-keV transition in ®*Fe. These y rays
populate the 397.6-keV isomer and are in coincidence with 363.7-keV
transition through the 33.9-keV line. The inset shows the time
difference between the y rays feeding the isomer and the coincident
363.7-keV transition; see text for details.

does not surface ionize other atoms in the 8-decaying A = 65
chain (Fe, Co, Ni, and Cu) owing to their larger ionization
potentials. In this analysis we used unrestricted y-ray spectra
observed in the HPGe detectors.

In order to determine the ground-state 8 feeding and the
B-delayed neutron emission probability, we divide the total
intensity of the 8 decay of ®*Mn into the following four decay
branches: -delayed neutron emission branch, B-n; direct g
feeding to the ground state (g.s.) of ®Fe, f&*%; B feeding to
the low-spin levels in ®Fe, which then directly or indirectly
feed the low-spin ground state in %Fe, B)"*; and the portion
of the g feeding that ends up in the second B-decaying state
in ®Fe at 393.7 keV, ,B}jvsels.

Two of these branches, &% and ﬂlLeg’els, feed the J™ =
(1/27) g.s. in ®Fe, which is then followed by B decay to
95Co. This decay has no direct 8 feeding to the ground state
of %Co and all of the g intensity is then carried out by three
y rays of the energy of 882.5, 1222.7, and 1996.6 keV [24].
In our measurement these transitions have relative intensities
summed to I = 163.6(61). On the other hand, the intensity
of the ﬂlfgels feeding is simply the sum of intensities of y
rays directly feeding the ground state in ®Fe and is equal
to 162.1(135) in relative units. The difference between these
intensity values gives the direct g.s. feeding in ©Fe of 1.5(148)
in relative units.

The B-n branch feeds the states in ®*Fe. The ground state of
%Fe B decays to **Co, which then decays to ®*Ni. In ®*Ni the
strongest y transition is the 1345.8-keV line, which represents
7.54 % of the total decay intensity [32]. We observe a transition
at 1345.1 keV with a relative intensity of 1.3(1). This transition
includes an impurity component from the decay of %Ga to
%5Ni with an energy of 1343.9 keV and an intensity of 0.18(2)
(determined using other known lines in the decay of %Ga
and the branching ratios listed in [16]). The resulting relative
intensity of the 1345.8-keV transition in %Ni is 1.1(1), which
gives a relative intensity of 14.6(21) for the B-n branch.

PHYSICAL REVIEW C 88, 044306 (2013)

A direct B feeding of the isomeric state at 393.7-keV must
be very weak due to the spin-parity difference between the
isomer, with the expected J* = (9/27), and the ground state of
%Mn with J™ = (5/27). As for the indirect feeding, we have
identified only one y ray that directly feeds this state. The
relative intensity of the 215.8-keV transition is only 2.9(2).

The 393.7-keV isomer S decays to levels in ®Co, which
are different than those observed in the ground state decay
of %Fe [24]. In the following analysis we use the absolute
intensities reevaluated in the Nuclear Data Sheets for A = 65
[16]. We observe % Co transitions of energies 1412.7, 1642.2,
2443.7, and 2558.0 keV. Their summed relative intensity is
4.5(3). The total intensity for these y rays is 62.0(76)% of the
isomer decay, giving an intensity of 7.3(10) in relative units for
the population of the isomer in ®Fe. Independently, we looked
into the intensities from the decay of %°Ni to ®3Cu. Using the
intensities of the 366.2- and 1481.5-keV transitions (the latter
corrected for a 4% impurity contribution from the 1479.0-keV
line in %3Cu), we obtain the total feeding intensity to the B
decaying levels in %Fe as 172(10) relative units, which must
be compared to the individual contributions of 163.6(61) and
7.3(10) for the ground state and isomer, respectively, giving
together 170.9(62), in excellent agreement with the ®*Cu data.

The total 8~ decay intensity of ®Mn is the sum of 14.6(21),
163.6(61) (sum of two components), and 7.3(10), giving a
total relative intensity of 185.5(65). This intensity is equal
to 100% in absolute units giving a renormalization factor of
0.539(19), which converts relative intensity units into absolute
intensities. The B-n branch is 7.9(12)% and the direct ground-
state feeding is <8.8 %. We note the excellent agreement with
the preliminary value of <10 % for the ground-state 8 feeding
reported in [25].

The absolute g feeding to each level was calculated as
the difference of y transition absolute intensities feeding
and depopulating the level. Two of the levels, at 363.7 and
1088.7 keV, receive very strong S feeding which together
amounts to more than 60%. A significant 8 feeding goes also
to the levels at 455.6, 683.3, 1057.3, 1366.6, and 1558.9 keV. A
summary of the properties of levels in Fe is given in Table II.

F. B-n branch directly feeding the ground sate of *Fe

The total B-delayed neutron emission branch in the decay
of ®Mn is 7.9(12)%, and a significant portion of the B-n
feeding goes to the excited states in %*Fe. We observe the
746.4(1)-keV transition in coincidence with the 1017.4-,
1105.8-, and 1370.7-keV lines, all previously assigned to the
level scheme of ®*Fe [3,17,33].

A fit to the slope of the time-delayed proton spectrum gated
by the 746.4-keV line gives a half-life of 99(9) ms which firmly
assigns this line to the 8-n decay of Mn. Table III provides a
summary on the information of these transitions. The absolute
intensity of the 746.4 keV transition is 2.4(1)%. There must
be other ground state transitions as well in this 8-n decay that
remain unobserved by us. This leads to the conclusion that the
direct B-n feeding to the g.s. of %*Fe is less than 5.5%.

Our P, value of 7.9(12)% contradicts the value of 21.0(5)%
reported in [17] as our result is about three times lower. Our
result on the direct g.s. feeding is even more different, since
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in Ref. [17] the entire B-n intensity of 21% was assigned
to directly feed the ground state of ®*Fe, while in our work
a significant portion goes to the excited states. Thus for the
direct ground-state feeding our measured intensity is almost
four times lower.

IV. FAST TIMING MEASUREMENTS

The shape deconvolution technique was used for the half-
lives longer than 80 ps when time spectra have shown a slope on
the delayed side, while the centroid shift analysis was applied
for shorter lifetimes. A summary of lifetime measurements
is given in Table IV. The fast timing analysis involved
B-LaBr;(Ce)(¢) and B-HPGe-LaBr;(Ce)(¢) coincidences. The
contributions from the two HPGe detectors were summed
together, while those from the LaBr;(Ce) detectors were
analyzed separately since their time responses were different.

Our preliminary analysis of the level lifetimes in %Fe
indicated that only three levels, those at 363.7, 455.6, and
561.0 keV, have sufficiently long lifetimes to be measurable
by the deconvolution method. These lifetimes were deduced
from double B-LaBr3;(Ce)(t) coincidences. The first two levels
are deexcited by strong y rays, which are well separated in the
LaBr3;(Ce) spectrum; see Fig. 4.

455.6-keV level: A narrow gate was set on the 455.6-keV
peak in the LaBr3(Ce) spectrum to ensure that the contribution

TABLE IV. Summary of the half-lives and transition rates
measured in ®Fe.

Level T\ E, Multipolarity B(XL)
(keV) (ps) (keV) (W.u.)
363.7 93(3) 363.7 M1 49(2) x 1073
397.6 437(55) ns 33.3 E1l 1.2(3) x 1073
455.6 350(10) 92.0 M1 2.6(4) x 1073
455.6 E2 5.1(6)
561.0 390(30) 163.1 M1 1.8(3) x 1073
El 3.9(4) x 1073
197.6 M1 2.2(3) x 1073
El 7.7(1) x 1077
560.8 M1 1.8(2) x 107*
E2 1.0(1)
569.1 <12 205.3 M1 >7.9 x 1073
El >1.5x 107
569.1 M1 >9.6 x 1073
E1l >1.8 x 107
683.3 24(12) 227.7 M1 1.8(9) x 1072
El 3.5(18) x 10~
319.7 M1 1.2(6) x 1072
E1l 2.2(11) x 107
683.3 M1 9(5) x 107*
E1l 1.8(3) x 1073
894.8 <27 439.2 M1 >7.1 x 1073
E1l >1.4x 107
531.1 M1 >1.3x 1073
E1l >2.5x 107
E2 >7
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FIG. 11. Time-delayed By (¢) spectrum gated by the 455.6-keV
transition. Its slope is due to the half-life of the 455.6-keV level. A
fit to the exponential decay yields 7;,, = 350(10) ps.

from the 439.2-keV transition is minimized. In any case, the
894.8-keV level has a very short half-life (see results below)
so that a small presence of the 439.3-keV y ray in the energy
gate does not influence the present slope fitting. The By time-
delayed spectrum gated by the 455.6-keV transition is shown
in Fig. 11. Fitting the slope with an exponential decay yielded
the half-life of 350(10) ps. This result is the weighted average
of the two lifetimes obtained independently using each of the
LaBr;(Ce) detectors.

363.7-keV level: The time-delayed spectrum gated by
the 363.7-keV transition shown in Fig. 12 has two lifetime
components. The longer one, with a half-life consistent with
350 ps, is due to the level half-life of the 455.6-keV state
that feeds the 363.7-keV level via the 92.0-keV line. The time
distribution was fit to a prompt Gaussian plus two exponential
decays. The shorter component gives 93(3) ps for the half-life
of the 363.7-keV level. One should note that on a much longer
scale, not relevant to this analysis, this time spectrum has also
a 420 ns component due to the 397.6-keV isomer feeding
the 363.7-keV level via the 33.9-keV transition. Over a few
nanoseconds range, this long component provides merely a
flat background contribution.

104 363.7-keV level
K
10 E
PR T = 93(3) ps
g ,
o i
o 10
|
10
-
10 T T T T T T
-1250 0 1250 2500 3750

Time (ps)

FIG. 12. Time-delayed By (t) spectrum gated by the 363.7-keV
transition. Its shorter slope is due to the 93(3) ps half-life of the
363.7-keV level; see text for details.
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561.0-keV level: In the LaBr;(Ce) energy spectrum of the
By data set, the 560.8- and 569.1-keV transitions cannot be
resolved. Thus, the time spectrum gated on that double peak
represents a combination of the half-lives of both levels at
561.0 and 569.1 keV. The time spectrum shows a short and a
long component, the latter with a well defined slope in its time-
delayed part. The 569.1-keV y ray is three times more intense
than the 560.8-keV transition, but its half-life is short enough to
appear as a semiprompt time distribution (as determined in the
following section). Consequently the observed long half-life
was assigned to the 561.0-keV level. A fit of a two-component
exponential decay gives a half-life of the 561.0-keV level as
390(30) ps.

The half-lives of the 569.1-, 683.3-, and 894.8-keV levels
were obtained by the centroid shift method using the triple
coincident fast timing By y data.

569.1-keV level: For the 569.1-keV level we have used
the two y-ray cascade of the 519.8-569.1 keV transitions.
The centroid of the time-delayed Sy (¢) spectrum gated by
the 519.8-keV y ray in LaBr;(Ce) detector with an additional
HPGe gate at 569.1 keV gives a time reference spectrum. By
reversing the gates and taking the 569.1-keV line in LaBr3;(Ce)
and the 519.8-keV transition in HPGe, one obtains a time
spectrum whose centroid is shifted from the reference point
by the mean life of the 569.1-keV level. In all centroid-shift
analyses we make standard corrections for the Compton
continuum under the full-energy peaks in the LaBr3;(Ce)
spectrum and the energy-dependent time response for the
full-energy peaks (the RD corrections) [29]. For the first
LaBr3;(Ce) detector the centroid shift gives the value of
Ti/» = 0.0(106) ps, and for the second the value of 8.7(104) ps,
giving the average value of Ty, = 4.3(74) ps or a limit of
<12 ps.

683.3-keV level: For the 683.3- and 894.8-keV levels
we do not have easily defined reference points for the
centroid shift analysis. Therefore, we define an approx-
imate prompt position at 363.7 keV. First we construct
three By (¢) time spectra gated by the 693.7-, 725.2-, and
1002.9-keV transitions in the HPGe detector, respectively,
and by the 363.7-keV line in the LaBrs;(Ce). These time
spectra are shifted from the prompt time position by At =
To + Tioplevel + T363, Where 7o is a constant shift from the
prompt due to the electronics, Tigpievel 1S the mean life of
the top level, which in this case is either the 1057.7-,
1088.7-, or 1366.6-keV level, respectively, while 1363 is the
mean life of the 363.7-keV state, which has a known value of
134.2(43) ps [T12 = 93(3) ps] measured by us. The three time
spectra for the first LaBr3(Ce) detector differ by less than 3 ps
from their average position, while for for the second detector
they differ by less than 1.6 ps. This means that the lifetimes of
the top levels are the same within a few ps. These states do not
have lifetimes manifested by slopes, and it is very unlikely that
all of them have the same lifetime of tens of ps; therefore the
equality of their centroids really means their lifetimes are short,
with T, below a few ps. Consequently, as a correction we
arbitrarily assume for these levels a half-life of 77, = 0(8) ps,
which effectively increases the uncertainty in the lifetime de-
terminations due to the our inability to determine the lifetimes
of the “upper levels” assumed here to be below a few ps.
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Using the triple coincidence fast timing By y data, a gate
was set on the HPGe detector on the 363.7-keV transition
and a y-ray peak was selected in the LaBr3;(Ce) detector
at 319.7 keV. The centroid of the selected fast timing Sy y
spectrum is equal to 7p+ Tgs3. The difference from the
approximate prompt position at 363.7 keV in the half-life units
is 31(12) ps for the first LaBr;(Ce) detector and 18(12) ps for
the second one. The weighted average of these results with the
subtracted correction for the reference levels of 0(8) ps gives
a half-life for the 683.3-keV level equal to 24(12) ps.

894.8-keV level: In a similar way we have measured the
lifetime of the 894.8-keV state. Using the fast timing Byy
data, a gate was set in the HPGe detector on the 455.6-keV
transition and a y-ray peak was selected in the LaBr;(Ce)
detector at 439.2 keV. The centroid of the selected fast timing
By spectrum is equal to Ty + 7394. The differences from the
approximate prompt position at 363.7 keV in the half-life units
are 8(18) and 16(16) ps for the first and second detectors, re-
spectively. The averaged result, minus the correction of 0(8) ps,
gives the half-life of the 894.8-keV level equal to 12(15) ps
or Ty/p < 27 ps.

V. DISCUSSION

As the starting point for the spin-parity assignments to
levels in ®Fe we take the assignments adopted by the
evaluators in the Nuclear Data Sheets for A = 65 [16] for
the following B-decaying states: J* = (5/2)~ for the ground
state of ®Mn and J™ = (1/2) and (9/2)" for the ground state
and the 393.7-keV states in ®Fe, respectively. We do not adopt
other assignments proposed in [16] as our new results correct
them.

Ground state, J* = (1/27): The tentative spin-parity
assignments of (5/2)~ and (1/2)~ to the ground states of ®*Mn
and %Fe would imply a very weak direct 8 feeding between
these states as the feeding would go via a second forbidden g
transition. Our limit on a direct § feeding is <8.8%, supporting
these assignments.

363.7-keV level, J™ = (3/27): This state receives a very
high direct 8 feeding with an intensity of 42(5)% and log
ft = 4.6, which implies an allowed § transition between the
(5/2)~ g.s.of Mn and the 363.7-keV state, the same parity for
the states, and the spin-parity assignments of (3/2)~, (5/2)7,
and (7/2)".

The first excited state has a half-life of 93(3) ps and it decays
to the ground state by the 363.7-keV line. If this y ray would
have an E2 multipolarity its B(E2) value would be 62(2) W.u.,
about three times higher than the collective B(E2;2] — 07)
values in the neighboring even-even Fe isotopes. Consequently
the 363.7-keV transition is not an E2. This transition could
be either E1 or M1 in character, with the B(E1) value of
9.3 x 107> W.u. or B(M1) = 4.9 x 1073 W.u. Due to parity
considerations, this transition could be only M1 in character,
limiting the spin-parity for the level to (3/2)~. The lifetime
of the level does not exclude a small E2 component in
the transition. If we assumed a small E2 component in the
363.7-keV transition with B(E?2) of 5 W.u., then the branching
ratio for E2 would be 8% while for M1 it would be 92%.
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393.7-keV level, J* = (9/2%): The second excited state is
a B decaying isomer with T, = 1.12(15) s. We could precisely
determine its excitation energy and we could also investigate
possible y-decay branches to the lower-lying states: the ground
state and the 363.7-keV state. The isomer has a weak direct
and indirect B feeding, which amounts to only 3.9(5)%, out
of which 1.6% goes via a single 215.8-keV y-ray feeding the
state. There are likely a few more unobserved y rays feeding
the isomer. Direct B feeding is probably much smaller owing
to the spin-parity differences between J* = (9/27%) for the
isomer and J™ = (5/27) for the ground state of ®Mn.

We do not observe any y rays deexciting the isomer.
The upper limit on intensity for the 393.7-keV transition
is 0.15 in relative units, while the relative intensity in the
B-decay channel is 7.3(1.0). Thus using the y branch of
<0.021 one obtains for an M4 transition the value B(M4) <
3900 W.u., which is consistent with no observation of any
y transition, since it means that the true y branching is
much lower than the measured limit. The other possible parity
changing multipolarities are E'1, M2, or E3. Yet they have
exceptionally low and unrealistic rates, except perhaps for the
E3 multipolarity.

This isomer may also decay to the 363.7-keV level by a
30.0-keV transition, which would be E3 in character. But even
with the B(E3) value of ~10 W.u. the total intensity of this
transition would be negligible.

397.6-keV level, J™ = (5/2%): The 397.6-keV state is also
an isomer with a half-life of 420(13) ns. It decays to the (3/27)
state by the 33.9-keV line, for which an E 1 multipolarity was
proposed albeit no evidence was provided for this assignment
[21]. The observed y intensity feeding the isomer is 3.9(2)
in relative units, while the total intensity of the 33.9-keV
transition is 4(1). This intensity balance implies that the isomer
is weakly, if at all, directly populated in the 8 decay of ®Mn.
We do not observe any direct y transition to the ground state
at the energy 397.6 keV, for which an upper limit of intensity
was established to be 0.15 in relative units. Another possible
branch of decay is a 3.9-keV transition to the (9/2") state at
393.7 keV.

The 33.9-keV transition must be a dipole, either E1 or
M1 in character, making the spin of the 397.6-keV state
either 1/2, 3/2, or 5/2. The B(E1) and B(M 1) values would
be 1.2 x 107> W.u. and 7.9 x 10~* W.u., respectively. The
transition cannot be E2 since then its B(E2) value would be
64 W.u., a transition rate too collective for ®*Fe. Moreover,
its electron conversion coefficient of 29.5 would make this
transition virtually undetectable in low-intensity experiments
and yet the transition was previously observed.

If the unobserved 397.6-keV transition would be a dipole
E1 or M1 transition then the B(E1) and B(M 1) rates would
be <6 x 1071 W.u. and <3 x 107® W.u., respectively. These
rates are too low to be realistic, therefore we reject these
options. Consequently, this transition must be either E2 or
M?2 in character. The corresponding B(E2) and B(M?2) rates
are <3 x 107* W.u. and <1.7 x 1072 W.u., respectively. The
B(E?2) rate is exceptionally low, while the B(M?2) rate is just
about the average value one could expect for this nucleus
[34,35]. Consequently, the most likely spin-parity assignment
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for the 397.6-keV state is (5/2%1). The difference in the parity
between this state and the ground state of ©Mn explains very
weak, if any, direct 8 feeding to this state.

The proposed spin-parity assignments would imply that the
unobserved 3.9-keV transition is E2 in chartacter. Assuming
that its B(E?2) value is below 20 W.u. would imply that the
total intensity for this transition is less than 0.05 in relative
units, thus is negligible. On the other hand, if the 3.9-keV
transition would be M1 or E1 in character, a significant
portion deexciting the 397.6-keV level would feed the state at
393.7-keV. That portion would be detectable via missing
intensity in the 33.9-keV line. The balance of intensities
feeding and deexciting the 397.6-keV level excludes this
possibility. Thus the 397.6-keV level is deexcited almost
exclusively by the 33.9-keV transition, which supports the
proposed spin-parity assignments to this level.

455.6-keV level, J™ = (5/27): This level receives a strong
B feeding with log ft = 5.3 from the (5/27) ground state
in Mn, which implies a spin-parity of (3/27), (5/27), or
(7/27) for the 455.6-keV state. On the other hand, this
level has a relatively long half-life of 350(10) ps and is
deexcited by y rays to the (1/27) ground state and the (3/27)
363.7-keV state. The 455.6-keV ground-state transition can
be either M1 with B(M1) = 6.4(8) x 10~* W.u., or E2 with
B(E2) = 5.2(6) W.u., while the 92.0-keV transition can only
be M1 with B(M1) = 2.5(4) x 1073 W.u. The 92.0-keV y ray
cannot be E?2 since then its B(E2) would have an unrealistic
value of 500 W.u.

The transition rates allow for a choice of only two spin-
parities: (3/27) or (5/27). We adopt the second alternative,
since it allows for a B(E?2) value for the ground-state transition
consistent with a core coupled state.

This level can also decay by a 58.0-keV transition to the
(5/2%) state at 397.6 keV. Assuming a typical B(E1) value
of about 1 x 107> W.u. for this transition, its total relative
intensity would be only about 0.2.

561.0 keV, J* = (3/27,5/27,3/2%): This level has a
small 8 feeding with log ft = 6.1 and populates levels of
spin (1/27), (3/27) and (5/2"), but neither the 9/2% isomer
nor the (5/27) state. One of the y transitions must be parity
changing E1. If the 163.1-keV line is E'1 then the possible
spin-parity for the 561.0-keV level is either (3/27), (5§/27), or
(7/27). Taking the measured T;,, we obtain a B(E1) value of
4 x 107> W.u. The 197.6-keV line must be M1, witha B(M 1)
value of 2.2 x 1073 W.u., as a B(E?2) rate of above 93 W.u.
would be too high. The 560.8-keV transition could be then
M1 [B(M1)~ 1.8 x 107* W.u.] or E2 [B(E2) ~ 1.0 W.u.],
but M3 is firmly excluded. This scenario allows only for the
spin-parities of (3/27) and (5/27) for the 561.0-keV state.

If the 197.6-keV line is E'1, then the 163.1-keV y ray could
be M1[B(M1) ~ 1.9 x 1073 W.u.]; however, E2 is excluded.
While the 560.8-keV transition could be E1 [B(E1) ~ 3 x
10~° W.u.], M2 is excluded. This scenario allows only for a
spin-parity of (3/21).

569.1 keV, J = (1/2, 3/2): This level receives a very low
B feeding with log ft = 6.3, which may indicate a forbidden
transition from the parent ®Mn. It deexcites to the ground
state and the first excited state. With the half-life limit of
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<12 ps, the 569.1-keV ground-state transition can be either E 1
with B(E1) > 1.8 x 107* W.u. or M1 with B(M1) > 9.6 x
1073 W.u. Both M2 and E2 multipolarities are excluded for
this transition. A similar situation occurs for the 205.3-keV
line. Thus the spin for the 569.1-keV level can be either (1/2)
or (3/2) with either parity, although a negative parity would
be favored.

Due to the very short lifetime limit and energy factors, even
amoderately fast 171.5-keV transition to the (5/2%) 397.6-keV
level would be undetectable in our experiment, regardless of
whether it would be M1 or E1 in character.

609.5 keV, J* = (7/2%): This level is the only one that is
known to deexcite to the § isomer at 393.7 keV. It has very
weak g feeding if any, with an intensity of <1.0%. It is mainly
y fed from higher lying levels. The only reasonable spin-
parity assignment would be (7/2%). A lower spin or negative
parity would make transitions possible to other levels beside
the (9/2%) isomer [the (5/27) at 455.1 keV, for example]. A
higher spin would cause the levels, whose transitions feed the
609.5-keV level, to directly y feed the S-decaying isomer. We
found no evidence for that.

We do not observe the 211.9-keV transition to the (5/2%)
y-ray isomer. An upper limit of intensity for this transition is
0.2 in relative units.

683.3 keV, J* =(3/27,5/27,3/2%): The 683.3-keV
level is weakly B fed. It deexcites to four levels with
three of them having spin-parity (1/27), (3/27), and (5/27),
respectively. All of the deexciting y rays could be only of
either E1 or M1 type, with the exception of the ground-state
transition which can be also E2 in character. This makes the
possible spin-parity assignments for this level (3/27), (5/27),
and (3/2%).

894.8 keV, J* = (7/27): This level seems to get some
B feeding, which would imply negative parity. Moreover it
feeds two excited states of spin-parity (3/27) and (5/27),
but it does not feed the ground state, which is energetically
favored. The transition rates imply that each of the deexciting
transitions could be either E1 or M1 in character, but the
531.1-keV transition could be also of the E2 type with
B(E?2) > 8 W.u. The lack of any ground-state feeding almost
definitely excludes the (1/27) and (3/27) cases, and makes
even the (5/27) assignment unlikely. As a result the most
likely spin-parity assignment for this level is (7/27).

1057.2keV, J* = (3/27,5/27): This level has a g feeding
of 2.9% and log ft = 5.6, which favors negative parity for this
state. It populates six states mainly of negative parity and also
the (5/2%) state. As discussed before, our evidence indicates
that the half-life of this state is very short, in the range of a
few ps, thus it was used as an internal “semiprompt” reference.
We have placed a limit of <8 ps on the half-life of this level.
A check on the lifetime limit is provided by the B(E'1) value,
which we expect to be in the range of about 5 x 107> W.u.

Indeed the half-life limit gives the 659.7-keV E1 transition
a B(E1) value of >2.5 x 107> W.u. and firmly excludes this
transition from being M2. The E'1 nature of this y ray feeding
the (5/2%) state limits the possible spin-parity assignments to
the 1057.2-keV level to (3/27), (5/27), and (7/27). However,
the direct feeding to the (1/27) ground state definitely excludes
the (7/27) case. The 1057.2-keV transition could be either M 1
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[B(M1) > 2.8 x 107* W.u.] or E2 [B(E2) > 0.42 W.u.], but
not M3.

The most intense transition is the 693.7-keV one feeding the
(3/27) state. This transition can be either M1 with B(M1) >
3.1 x 1073 W.u. or E2 with B(E2) > 11 W.u., or a mixture of
both. On the other hand the fastest transition is the 374.1-keV
line, which could be either E1 [B(E1) > 1.7 x 10~* W.u.]
or M1 [B(M1) > 1.6 x 1072 W.u.] but definitely not E2 in
character. The transition rates for y rays deexciting this state
are thus consistent with the proposed spin-parity assignment.

1088.7 keV, J™ = (3/27, 5/27): This level has the second
highest B feeding. This rules out a positive parity for this state
and limits the spin-parity to (3/27), (5/27), and (7/27) as the
B transition is clearly allowed. Similar to the 1057.3-keV state,
this level was also used as semiprompt reference, and a limit of
<8 ps was set on its half-life. With this limit the 1088.6-keV
transition feeding the (1/27) ground state can be either M1
or E2, with the corresponding B(M1) > 1.0 x 1073 W.u. and
E2 with B(E2) > 1.4 W.u., but definitely not M 3. This limits
the spin-parity assignment for this level to 3/27 or 5/27. All
transition rates for other y rays deexciting this level are consis-
tent with this assignment. The strong 8 feeding to the (3/27)
levels in ®Fe makes (3/27) the most reasonable choice for the
1088.7-keV state, but (5/27) cannot be completely excluded.

1366.6 keV, J™ = (5/27): This level has a significant 8
feeding of 6.3 with a small log f+ = 5.2, which implies an
allowed transition making the possible spin-parity assignments
of (3/27), (5/27), and (7/27). This state was also used as a
semiprompt time reference and a limit of <8 ps was set on its
half-life. The y rays feeding the (5/2%) and (7/2%) states are
E1 in character with the B(E1) values of > 4.3 x 107 W.u.
and >2.3 x 107° W.u., respectively, while the M2 character
is definitely excluded. This allows only the J” assignments
of (5/27) and (7/27). On the other hand, the ground-state
1366.2-keV transition can be either M1 [B(M1) >
3.0 x 1073 W.u] or E2 [B(E2) > 2.7 x 1072 W.u.], but
definitely not M3 in character. This excludes the J”
assignment of (7/27), leaving (5/27) as the only alternative.
The absence of a transition linking this state to the (9/2%) one
further supports this assignment.

VI. CALCULATIONS

Shell-model calculations were performed using the Lenzi-
Nowacki-Poves-Sieja (LNPS) effective interaction [5]. This
interaction works in a large shell-model space, employing “*Ca
as a core and including pf orbitals for protons and pfgd
(1p3s2, 1piy2, 0fs/2, 0g9/2, and 1ds,») orbitals for neutrons.
For further details, refer to [5].

For the beta decay we calculate the ®Mn 5/2~ ground
state in this valence space using the LNPS interaction. The
Gamow-Teller strength function is obtained by the Lanczos
strength function method and from the individual B(GT)’s
the log ft values are calculated. The decay pattern obtained
in the calculations is plotted together with the experimental
results in Fig. 13 for energies below 1.6 MeV. Very good
agreement is obtained for the 3/27 and 5/2~ states when
compared to the experimental results, easily identifying the
first 3/27 and 5/27 with the 363.7- and 455.6-keV levels
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FIG. 13. (Color online) A comparison of the experimental and
calculated levels (see text for details). log ft values (in brackets) and
spin-parities were calculated for the lower energy levels.

seen in the experiment. The log f¢ values help identify the
assigned spins and parities. The calculated 7/2~ states are
above 1.5 MeV withlog ft > 6.5. States with spin-parity 1,/2~
were not calculated as there would not be allowed § transitions
to them. Sizeable Gamow-Teller strength above 4 MeV is
reproduced in the calculations for the beta decay to the negative
parity states in %Fe, corresponding to the tail of the giant
resonance. For the lowest lying negative 1/27 (g.s.), 3/27,
and 5/27 states similar configurations are obtained, supporting
their interpretation as the coupling of the single-particle p;/»
neutron orbit to the 0 and 2 states of the core.

The positive parity states have been also calculated for spins
3/2,5/2,7/2,and 9/2. They are in reasonable agreement with
the experimentally measured states that have been assigned
positive parity, although they are predicted at slightly higher
energies. This fact arises from the dimension limitations of the
calculations, which slows down the convergence of the energy
values. The calculations show a level with spin-parity 3/2%
at 930 keV, which would be above the y-decaying isomer (at
720 keV in the calculations). This level was not identified
in the experiment, nor were its expected 3/27 — 5/2% and
3/2% — 5/2% transitions observed.

The lowest level structure in Fe seems to stem from
the coupling of the 0" ground state and the collective 2+
state in *Fe to a single neutron in the pf shell. In this
way a 1/27, 3/27, 5/27 sequence arises from the ground
state to the first excited states. A 7/2~ state, which might
arise from the coupling [4* ® 1/27) =7/27, 9/27, has been
experimentally identified at 894.8 keV, but is predicted by
the calculations to be at higher energies. No 9/27 state was
observed experimentally.
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VII. CONCLUSION

We report on the first detailed study of the = decay of
%Mn to ®Fe. Both y and fast timing spectroscopy were used.
The half-life of the ground state in ®*Mn has been measured
as Ty > = 91.9(9) ms, confirming the previous value. The ®Fe
level scheme now includes 87 y rays and 41 excited states.
The B-delayed neutron branch has been measured as P, =
7.9(12)%, about three times smaller than the value previously
measured. A substantial §-n feeding going to four excited
states in ®*Fe has been observed.

We have made a precise energy determination of the S-
decaying isomer in ®Fe at 393.7 keV. The half-life of 7}/, =
437(55) ns measured for the 397.6-keV y isomer is in good
agreement with the previously reported values.

By employing the ATD method, four new level half-lives
and a few lifetime limits in the picosecond range have been
determined for the excited states in ®Fe. The measured
transition rates allow spin-parity assignments to the low-
energy levels to be made.

The experimental excitation energies of positive and neg-
ative parity states below the excitation energy of 1.6 MeV
and log ft values have been compared to the shell-model
calculations obtained with the LNPS effective interaction. The
calculation reproduces quite well the observed level structure
of negative parity states. With the experimental information
on the decay and level half-lives we have tentatively assigned
spin-parity to levels in Fe below 1.5 MeV. Positive parity
states with spins 9/2%, 5/2%, and 7/2" are proposed at low
excitation energy. These assignments are also supported by
our shell-model calculations, and show the importance of the
positive parity orbitals across the N = 40 subshelland N = 50
shell gaps.
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