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β decay of 61Mn to levels in 61Fe
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A detailed β-decay study of 61Mn is presented, yielding extended information on the level structure of 61Fe.
Pure beams were obtained at ISOLDE, CERN, after selective laser ionization and mass separation of fission
products from the bombardment of a UCx target by 1.4-GeV protons. The β and γ information was detected by
two MiniBall clusters and three �E plastic scintillators. The new 61Mn decay scheme reveals 48 γ transitions,
distributed over 20 excited states. A comparison to the decay scheme of 59Mn and excited states in 59Fe is made.
Shell-model calculations with two different interactions are performed in order to compare the nuclear structure
of the two neighboring odd-A iron isotopes. Tentative spin and parities of several excited states in 61Fe are
assigned on the basis of β-decay feeding patterns in both 59,61Fe and of results from the theoretical shell-model
calculations.
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I. INTRODUCTION

The region of the nuclear chart around Z = 28 and N = 40
is particularly interesting since the discovery that the first
excited state in 68Ni is a 0+ state [1], the 2+ energy locally
peaks above 2 MeV [2], and the B(E2) value locally minimizes
in the nickel isotopes at N = 40 [3]. In particular, the harmonic
oscillator shell closure for neutrons at N = 40, separating
the negative-parity pf and positive-parity g9/2 orbitals, makes
68Ni and adjacent nuclei objects of intensive studies, both
experimentally [4–6] and theoretically [7,8]. It has been
suggested that neutron excitations across the N = 40 subshell
closure, when moving to lighter Z values below 68Ni increase,
resulting in the development of collective behavior as protons
are removed from the f7/2 single-particle orbital [9], making
this region of the nuclear chart suitable for studying the effects
of proton-neutron interactions and the onset of deformation
[10,11].

The iron nuclei, with two holes in the Z = 28 proton shell
closure, are especially suited for studying these effects. In
contrast to the even-even nickel nuclei, where the first excited
2+ state lies above 1 MeV and reaches 2.034 MeV at N =
40, the first excited 2+ state in the iron nuclei drives from
0.824 MeV in 60Fe down to 0.522 MeV in 68Fe. Only recently
have proper shell-model calculations been able to describe the
observed 2+ excited states [12–14], at the cost of opening the
pf neutron shell and introducing at least the νg9/2 orbital in

the calculations. In the odd-mass iron nuclei, the intrusion of
the positive-parity g9/2 neutron orbital into the pf shell leads
to isomerism, which can be followed from 59Fe [15].

Even though partial experimental information on the
neutron-rich even-even iron isotopes exists, above neutron
number 36 it remains quite limited. Furthermore, only lim-
ited β-decay information for manganese into odd-A iron
is available. The lack, from 61Fe on, of definitive spin
assignments or even spin limitations, based on β-decay feeding
patterns, hinders a comparison to state-of-the-art shell-model
calculations.

Therefore an experimental campaign was set up at ISOLDE,
CERN, to take advantage of the large and selective production
of neutron-rich manganese isotopes, in order to bridge the gap
between the well-studied manganese and iron isotopes near
the stability line and the region around N = 40, through a
systematic decay study using a dedicated β–γ detection setup.
In this article, the decay of 61Mn to levels in 61Fe is presented
and compared to the well-studied 59Mn to 59Fe decay, where
the 59Fe levels have extensively been characterized through
different studies, including spin-sensitive transfer reactions
[16–19]. The striking similarity in β-decay feeding for the
two mass chains will be used to bring the spin assignments of
the low-lying levels in 61Fe onto a stronger footing. Using the
powerful Z selectivity of the laser ionization, producing pure
manganese sources, special attention will be paid to reliably
obtain the ground-state feeding. Full details will be given on the
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experimental conditions of the measuring campaign, involving
the decay chains ranging from 58,60Mn to 68Mn.

The data are compared to shell-model calculations that
are performed with two widely used interactions in order to
compare the nuclear structure in 59Fe and 61Fe.

II. EXPERIMENTAL INFORMATION ON 61Fe

Although the nucleus 61Fe is close to the stability line,
the information on its level scheme is quite limited. A β-
decay experiment on 61Mn identified three excited states with
energies 207, 391, and 629 keV [20]. The decay scheme was
built on the basis of energy sum relations and the time behavior
of the intensity of the observed transitions. The ground state of
61Mn was assigned (5/2−) [20] and a recent value of its half-
life was reported to be T1/2 = 0.62(1) s [10]. The β-delayed
neutron branching was determined to be 0.6(1)% of all 61Mn
decays [21]. The direct ground-state β feeding of 61Mn to
61Fe was calculated, using time analysis of β and γ intensities
from the decays of 61Mn, its daughter, and granddaughter, and
amounts to 74% [20]. The obtained logf t value of 4.4 for
the ground state points to an allowed Gamow-Teller transition
from νf5/2 to π f7/2 and restricts the spin and parity to (3/2−,
5/2−). The most recent half-life value of the ground state of
61Fe is reported to be 5.98(6) min [22], consistent with previous
measurements. The excited state at 629 keV was previously
identified as 620(20) keV [23] in a 64Ni(α,7Be) reaction.

A level with isomeric character was identified in two
reaction studies [24,25]. Its energy was reported to be 862 keV
and the half-life was measured as T1/2 = 0.22 μs.

The existence of such a state, with a half-life of T1/2 =
0.25(1) μs [15], was confirmed in a later fragmentation
experiment, using an 86Kr beam on a natNi target. It was
proposed that its spin and parity are (9/2+), originating from
the excitation of a neutron to the g9/2 shell-model orbital. The
state was found to decay to the previously observed excited
state at 207 keV, with a transition of 654 keV. Because of its
half-life, the transition was assigned an (M2) multipolarity
[15]. The 9/2+ spin and parity have been confirmed together
with the multipolarities of the cascade transitions in two
fragmentation experiments, aiming at measuring the magnetic
and quadrupole moment of that state [26,27], respectively.
In both cases, 61Fe was produced at the Grand Accélérateur
National d’Ions Lourds (GANIL) in a reaction of 64Ni on a
9Be target. The extracted gyromagnetic factor in Ref. [26]
is -0.229(2), consistent with shell-model calculations for a
9/2+ spin and parity. The half-life of the isomeric state
was determined with better precision: 239(5) ns [26]. The
spectroscopic quadrupole moment was determined to be
|Qs | = 41(6)e fm2 [27]. A perturbed angular distribution
function analysis [27] concluded that the 207-keV transition
has a M1 multipolarity, while the 654-keV one has M2. Prolate
deformation was suggested for the isomeric state and possible
excited states on top of it, analogous to experimental data
for 57,59Fe [28,29]. The reduced transition probability, B(E2),
for the 207-keV line was determined in a Coulomb-excitation
experiment to be 17(7) W.u. [30].

The yrast and near-yrast structure of 61Fe was revealed in
two experiments [31,32], using 64Ni beams on 238U targets at
Legnaro National Laboratories (LNL), Legnaro, and Argonne
National Laboratory (ANL), Argonne, respectively. In the first
case, four transitions were observed. A transition of 752 keV,
coincident with that at 207 keV, defined an excited state at
959 keV, while two other transitions, at 788 keV and 1341 keV,
were found to be coincident with each other but not with
the two previous γ rays. It was proposed that the latter two
defined yrast states above the known isomeric state and were
interpreted as a coupling of the 2+ and 4+ states in 60Fe
with a g9/2 neutron, which gives rise to states with spins
and parities of 13/2+ and 17/2+, respectively [31]. It was
noted that the observation of such a decoupled band, on top
of the 9/2+ level, is consistent with a prolate deformation of
β2 = 0.24, suggested for the isomeric state on the basis of the
measured quadrupole moment and mean-field calculations in
Ref. [27]. In the second experiment, Ref. [32], excited states
were populated, while an angular-correlation analysis firmly
set the multipolarities of many transitions, including the 655-
to 207-keV cascade. The yrast states at 1650 and 2993 keV,
built on top of the 862-keV level and decaying by the observed
coincident transitions 789 and 1342 keV, have been assigned
as 13/2+ and 17/2+ on the basis of angular correlations (see
Fig. 3 in Ref. [32]).

III. EXPERIMENTAL SETUP

In a measuring campaign at ISOLDE, CERN, radioactive
58,60−68Mn nuclei were produced in an induced fission reaction
experiment, where 1.4-GeV protons impinged upon a UCx

target (45 g/cm2). The reaction products were selectively
ionized by the Resonance Ionization Laser Ion Source (RILIS)
[33] using a three-step ionization scheme. The radioactive
nuclei were accelerated over a 60-kV potential difference
and mass separated on basis of their A/Q ratio, through the
High-Resolution Separator [34]. The manganese beam was
implanted on an aluminized mylar tape, inside a movable tape
station [35] surrounded by three plastic �E β detectors and
two MiniBall [36] γ -detector clusters in close geometry, as
schematically shown in Fig. 1.

Lead-brass-copper shielding was used to cover the ger-
manium detectors in order to decrease the γ - and x-ray
background. A polyethylene-borax shielding was built around
the entire setup to minimize the effect of neutron-induced γ
radiation at the detection station. The two shielding methods
brought the background count rate of the germanium detectors
down to around 50 Hz for all six cores, with protons on
target. The germanium detectors were energy and efficiency
calibrated, after the experiment, using 60Co, 133Ba, 241Am,
and 152Eu γ sources. The sources, with known intensities, were
placed at the implantation site on the aluminized mylar tape. A
full GEANT4 simulation was performed to correct the intensities
of the γ transitions from 60Co and 152Eu calibrations sources,
in order to account for summing effects [37]. The photo-peak
γ efficiency for an energy of 1332 keV is 5.8(1)%.

The β efficiency (εβ) can be determined for each experi-
mental decay set. It is defined as the ratio between the number
of counts in a set of γ -ray transitions in the β-gated, prompt γ
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FIG. 1. Schematic representation of the experimental setup,
top view [35].

spectrum, to the number of counts for these selected transitions
in the singles γ spectrum. The prompt coincidence time
window for β–γ coincidences is from 0 to 600 ns, with respect
to a β event, while the prompt window for γ –γ coincidences is
from −700 to +700 ns. The large prompt windows are due to
digitization. Previous experiments indicate that the expectation
value for εβ is around 50% [35]. The information from the
middle β detector was not recorded in the A = 61 experimental
data. A weighted mean value of 23.8(2)%, was obtained for
the two side detectors in this decay set.

The experimental data were recorded on an event-by-event
basis using digital electronics, with no hardware trigger
applied. The triggerless recording provides the flexibility for
off-line sorting of the data, allowing for the setting of gates
outside of the prompt time windows to search for isomeric
states. The acquisition of the decay data was based on the
CERN proton supercycle structure. A supercycle (SC) contains
up to 40 proton pulses (PP) with a certain sequence, distributed
with a difference of 1.2 s between each of them. In the present
case, the supercycle consisted of 33 proton pulses, of which
ISOLDE received 11, nonconsecutive ones with numbers 4, 6,
8, 10, 13, 18, 21, 23, 26, 28, and 31. After each PP a delay time
of 10 ms was introduced before the separator beam gate of 5 ms
was opened, to let the beam implant on the tape. The delay
time was introduced to suppress the implantation of isobaric
61Ga contaminant, which is surface ionized and is released
quickly. The manganese ions are released more slowly, but
still the length of the implantation beam gate was limited to
5 ms only to not overload the detectors.

Due to the high count rate in the germanium detectors,
controlled forced read-outs of the digital buffers were used in
order to allow for a proper fit of the 61Mn half-life by requesting
the read-outs at precise times during the acquisition time. Two
read-outs were set at 250 and 650 ms after each PP signal,
with a length of 150 ms. An overview of the measuring cycle
is given in Fig. 2. Before a new SC starts, the tape is moved
and a new implantation-decay cycle begins.

BG − Beam Gate
PP − Proton Pulse
SC − Super Cycle

FRO − Forced Read−Outs

1.2 s X #PP

Activity

ACQ time

PP

SC

Beam Gate

Delay Time
Separator

Read−Outs

Legend:

length

FRO

Interval for acquiring

1.2 s

FIG. 2. (Color online) Schematic structure of the CERN proton-
super cycle and decay measurements. In this data set, the delay time
was 10 ms and the implantation time was 5 ms. Two forced read-outs
were used during the 1-s acquisition time and a third one at the end.
The read-outs were set at 250 and 650 ms after the PP, with a length
of 150 ms.

IV. RESULTS

Decay data corresponding to a total measuring time of
1531 s with the lasers set on resonance for manganese
ionization and 170 s without lasers (laser-off) were recorded.
The dead time of the acquisition system was determined with
the aid of a pulser in a channel of the digital Analog-to-Digital
Converter (ADC), set to a frequency of 100 Hz.

Laser ionization provides a clean and efficient method for
selecting radioactive isotopes of interest. In combination with
a proper implantation-decay time structure and high-resolution
mass separation, exceptional measurement conditions can be
achieved with a source purity of almost 100%, as in the case
of 61Mn. This enables the possibilities of following the decay
of the respective daughters and drawing conclusions on the
completeness of the decay schemes, addressing missed γ -ray
intensity and direct ground-state feeding.

A representative picture of the quality of the data in singles
is shown in Fig. 3, where all of the visible transitions were
identified as following the decay of 61Mn and its daughter
(the very low background conditions in the experiment can
be appreciated in the laser-off singles spectrum, drawn in red
online).

A. Half-life and β-delayed neutron branch

The structure of the data measurements allowed for the
determination of the half-life of 61Mn, as well as for the
identification of transitions in 61Fe following the decay of 61Mn
through their decay behavior. The intensities of the strongest γ
transitions following 61Mn decay, in different time periods with
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FIG. 3. (Color online) Singles γ -spectrum when the separator
was set to mass 61. Lasers-on (in blue, top line) is compared to a
laser-off spectrum (red, bottom line, scaled for visual comparison)
in the same experimental conditions. Triangles indicate 61Mn lines,
while the circle indicates a line following 61Fe decay.

respect to the PP signal (Fig. 4), were fitted with an exponential
decay function. The fits yield a weighted average value of
T1/2 = 0.708(8) s for the half-life of 61Mn, in agreement
with the value adopted by the National Nuclear Data Center
(NNDC): T1/2 = 0.67(4) s [38].

An upper limit for the β-delayed neutron branching of 61Mn
to the first-excited state in 60Fe was determined using the
upper limit of the number of counts in the area of the 824-keV
(2+→0+) transition in 60Fe, as this line was not observed in
singles. From this, the limit for the direct β-delayed neutron
feeding to this excited state is deduced to be Pn � 0.2%. The
total β-delayed neutron branch could not be determined due
to the long half-life of 60Fe (T1/2 = 1.5 × 106 yr [38]).

Hannawald [21] reported a total Pn value of 0.6(1)%. In
view of the narrow window between the Qβ value of 7.18
MeV [39] and the neutron separation energy (Sn) of 5.58 MeV
[38], the two values could be consistent. Hence, a value of Pn

= 0.6(1)% is used later.

B. Decay scheme

In order to build the decay scheme of 61Mn, γ –γ coin-
cidence gates were placed on the lines identified, through
their half-life, as belonging to 61Mn decay. The intensities
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FIG. 4. (Color online) Exponential decay fit on the time behavior
of the 629-keV transition. Each point contains the integrated number
of counts in the peak area. Points inside the time intervals 0–20 ms
(implantation of the radioactive ions), 250–400 ms (forced read-out),
and 650–800 ms (forced read-out) are omitted from the fit.
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FIG. 5. (Color online) Prompt γ –γ -coincidence spectrum, gated
on (a) the 207-keV, (b) the 391-keV, and (c) the 629-keV transitions.
The energies of the strongest coincident transitions are indicated in
kilo-electron-volts (keV).

of the weak transitions, not observed in singles but observed
in coincidence with a strong transition in 61Fe, were calculated
using the coincidence data. Example coincidence spectra,
gated on the three strongest transitions in the decay, are
presented in Fig. 5. The analysis of the decay data revealed 48
γ transitions, distributed over 20 excited states in 61Fe.

The isomeric 9/2+ level at 862 keV was observed in this
decay study, evidenced by the observation of the 655- to
207-keV cascade in β-triggered delayed-γ coincidence. A
combination of two spectra with different time gates is shown
in Fig. 6. A subtraction remnant of the strongest transition in
61Fe is visible next to the 655-keV transition.

Making use of the high purity of the produced 61Mn sources
it is possible to connect the intensities of all placed γ transitions
in the mother decay to the intensities of the placed γ transitions
in the daughter decay. For certain cases in this region of the
nuclear chart, the decay chains can be quite complicated, due
to the short half-lives and also the β-delayed neutron decay
channel can be important. The intensity balance is a strong test
for judging the completeness of the obtained decay schemes

E [keV] 
200 400 600 800 1000

C
ts

/k
eV

-10

0

10

20

30

40 207

655

629 - subtraction remnant

FIG. 6. (Color online) The decay of the 239(5)-ns, 9/2+ isomer.
Selected part of the β-triggered delayed-γ spectrum with γ rays
in 700- to 1420-ns time interval with respect to a β event (outside
the prompt window); subtracted is a spectrum in the time interval
2500–3220 ns (randoms).
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and for determining the amount of direct β feeding towards
the ground state or the amount of missed ground-state γ rays.
Before a complete intensity balance can be made, and thus the
absolute branching ratios deduced, it is convenient to define
a new coefficient α for each β-decaying state in the decay
chain. It is the ratio between the intensity of the strongest
ground-state γ transition feeding the β-decaying state, relative
to the sum of the intensities of all identified ground-state
transitions. In the case of the β decay of 61Mn, the strongest
transition is the 629-keV line and the calculated coefficient
is αMn = 55(1)%. Two methods were used to calculate the
(β and/or missed γ ) ground-state feeding in 61Fe. In the first
method, the decay information from the whole acquisition
cycle is used, thus including the decay of 61Fe in addition
to the decay of 61Mn. No direct β feeding from the (3/2−,
5/2−) ground state of 61Fe to the 7/2− ground state of 61Co
has previously been observed [40]. Using the normalization
factor adopted in the NNDC evaluation to obtain the absolute
intensity per 100 decays (0.436 ± 0.045 [38,41]), the αFe

value for the 1027-keV (3/2− → 7/2−, Iγ = 98(5) [22])
ground-state transition becomes 43(5)%. A simplified scheme
of the A = 61 decay chain can be seen in Fig. 7. The β-delayed
neutron branch of 61Mn is adopted to be 0.6(1)% and can
be ignored in the calculation. The apparent number of 61Mn
and 61Fe decays, based on γ detection, is calculated using
the efficiency-corrected number of counts of, respectively, the
629- and 1027-keV transitions in singles and the αMn and αFe

coefficients. Using the measured β efficiency of the �E plastic
scintillators [εβ = 23.8(2)%], the total number of manganese
plus iron decays, based on β radiation, can also be extracted.
The feeding of the 61Fe ground state, due to missed γ rays
or direct β feeding, is then deduced out of the comparison of
the number of 61Mn and 61Fe decays from β and γ rays to be
33(1)%.

In the second method, only information of the first proton
pulse in the supercycle is taken into account in order to
minimize the amount of 61Fe decays. The β-delayed neutron
branch of 61Mn is once again ignored for the calculation. A

nP

Q  = 7178(3) keV
β

Q  = 3977(3) keV
β

3/2−

7/2−

2+

0+

10
27

61 β

Mn
= 55(1)%α

Fe
= 43(5)%α

(5/2−)

62
9

β

5.98(6) min

1.650(5) h

1.5 Myr

0.71(1) s

Fe
61

61
Co

Mn 824 keV

(3/2−, 5/2−)

FIG. 7. Schematic representation of the A = 61 decay chain.
All data but the half-life of 61Mn and the calculated αMn are from
Ref. [41], while the Qβ values are taken from Ref. [39].

TABLE I. Identified levels, their calculated β-feeding intensities,
and logf t values in the decay of 61Mn. The uncertainty on the level
energy is better or equal to 0.1 keV, if not specified. Half-lives of the
excited states are given, where information is available.

ELevel (keV) Iβ (%) logf t T 1/2

GS 33(1) 5.02(3) 5.98(6) min [22]
206.8 12.6(8) 5.38(3)
391.2 <0.28 >7.3
629.0 39.0(6) 4.77(1)
861.5 <0.22 >7.1 239(5) ns [26]
959.5 0.49(7) 6.6(1)
1013.0 <0.30 >7.0
1160.9 3.23(9) 5.68(1)
1252.8 3.25(9) 5.64(1)
1262.3 0.57(6) 6.40(5)
1477.2 <0.17 >7.3
1705.1(5) <0.11 >7.1
1893.0 0.78(7) 6.04(4)
1928.9 0.55(5) 6.18(4)
2143.6 2.7(1) 5.40(2)
2510.6 1.8(1) 5.43(2)
2716.8 0.19(3) 6.32(7)
2963.9(4) 0.13(2) 6.37(7)
3049.1(2) 0.21(5) 6.12(11)
3080.2(3) 0.22(5) 6.09(10)
3513.3(4) 0.12(3) 6.14(11)

γ spectrum with time constraints in the first proton pulse
is created. Due to the long half-life of the ground state of
61Fe, with respect to the acquisition time of 1 s, no transition
following its decay is observed. This means that the intensity
of the 629-keV line and its αMn factor can be used to calculate
the apparent number of 61Mn γ decays and compared to the
number of decays from the β counts. The obtained value
for the missed feeding is 32(1)%. The agreement between
the results obtained using the two methods shows that the
relevant information on the decay chain of A = 61 (constructed
decay scheme of 61Mn and published decay scheme of 61Fe) is
consistent. The adopted value of 33(1)% is given in the decay
scheme as the direct β feeding to the ground state of 61Fe,
although one should realize that this is only an upper limit due
to missed ground-state γ transitions.

The direct β-decay feeding of each excited level is
calculated from the intensities of its feeding and de-exciting
transitions and can be seen in Table I. Important to note here is
the fact that the calculated β feeding listed in the table should
be considered as upper limits, owing to the high Qβ value for
that decay, even though several lines with energies above 2.5
MeV are observed, with relative intensities below 0.5% (see
Table II). The complete 61Mn decay scheme is presented in
Fig. 8, where the excited levels marked in red (online only)
were observed in other experiments [15,20,32]. All γ rays
observed in this study as belonging to the decay of 61Mn are
given in Table II, together with the γ rays in coincidence.

Following the presentation of preliminary results of this
study at the ARIS-2011 conference, Waite et al. [42] re-
examined the same deep-inelastic-scattering (DIS) data set
used in Ref. [32] in the study of high-spin positive-parity levels
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TABLE II. Gamma transitions with their relative intensities, following the decay of 61Mn, identified in this study together with gamma
transitions observed in coincidence. The asterisk, “∗”, indicates that the transition was not seen in the singles spectrum, but its intensity was
calculated using the coincidence data. The diamond, “�”, indicates unplaced transitions. For absolute intensity per 100 61Mn decays, multiply
by 0.363(7).

Eγ (keV) Rel. int. (%) In observed coincidence with (in keV)

201.6(5)∗ 0.24(4) 753
206.8(1) 54(2) 422, 655, 753, 807, 954, 1046, 1055, 1185, 1270, 1498, 1722, 1937, 2090, 2303, 2757, 2874
237.8(1) 4.61(6) 391
391.2(1) 7.37(9) 238, 862, 1502, 1538, 2120, 3122
422.2(1) 4.55(8) 207
517.9(5)∗ 0.12(4) 753
531.5(3) 0.15(4) 629
624.0(5)∗ 0.77(8) 629
629.0(1) 100 532, 624, 1264
640.5(3) 0.18(5) 1046, 1253
654.7(1) 0.56(6) 207
752.6(1) 1.89(6) 202, 207, 518, 1185, 2090
806.6(3) 0.21(5) 207
861.5(1) 0.49(5) 391
954.1(1) 2.88(9) 207
959.4(2) 0.43(12) 2090
982.4(5)∗ 0.22(8) 1161
1013.0(1) 1.30(7) 1131, 1498
1046.0(1) 4.49(9) 207, 641
1055.3(1) 1.05(7) 207
1130.6(1) 0.65(7) 1013
1161.0(1) 6.15(11) 982, 1351
1184.6(5)∗ 0.23(7) 207, 753
1239.7(1) 0.53(8) 1270
1252.9(1) 3.66(10) 641, 1259
1258.5(5)∗ 0.26(12) 1253
1262.7(1) 0.54(15)
1263.7(5)∗ 0.63(10) 629
1270.4(1) 0.71(15) 207, 1240, 1572
1350.8(5)∗ 0.31(10) 1161
1498.3(5)∗ 0.25(4) 207
1498.3(5)∗ 0.18(7) 1013
1501.7(1)∗ 0.76(9) 391
1537.7(1) 0.36(6) 391
1571.9(3) 0.24(7) 1270
1722.1(2) 0.29(6) 207
1893.9(3) 0.57(14)
1928.9(2) 0.86(12)
1936.8(1) 0.90(11) 207
2089.6(5)∗ 0.35(10) 207, 753, 959
2120.3(5)∗ 0.25(6) 391
2143.7(1) 5.54(14)
2303.5(1) 1.18(9) 207
2510.5(1) 2.86(12)
2757.4(5)∗ 0.37(7) 207
2873.7(3) 0.26(9) 207
3079.2(3) 0.34(10)
3122.1(4) 0.32(9) 391

1690.2(5)� 0.19(6)
1738.5(5)� 0.15(6)
1846.7(5)� 0.16(5)
3146.1(10)� 0.26(10)
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FIG. 8. (Color online) Decay scheme of 61Mn, deduced from the present data. See Sec. V for discussion on the levels with assigned spins
and parities. The Qβ value is from Ref. [39], Pn has been measured in Ref. [21], while the Sn and the half-lives of the ground and isomeric
862-keV states of 61Fe are from Ref. [41].

that populate the 9/2+ level in 61Fe. A general characteristic
of DIS reactions is the population of yrast and near-yrast
states; as the 207-keV, (5/2−) → (3/2−, 5/2−) transition is
yrast, double gates were systematically set on all transitions
identified in this decay study as populating the level. Extensive
high-spin structure was observed above the 1477-keV level
and one additional transition was observed, populating the
1161-keV level. This will further be used to narrow down the
spin assignments.

V. SPIN AND PARITY ASSIGNMENTS

Expected shell-model configurations for neutrons and
protons, in this region, primarily involve the ν(p3/2, f5/2, p1/2,
g9/2) and π (f7/2) orbitals, respectively. With an even number
of neutrons and with three proton holes in the πf7/2 orbital, one
would expect a 7/2− ground state for the odd-A manganese
isotopes. The experimental information shows that this is not
the case. In fact, the only isotope to exhibit such a spin and
parity of its ground state is the neutron closed-shell nucleus
53Mn28 [38] (see Fig. 9).

One of the first attempts to describe the observed spins and
parities of the ground states of the manganese isotopes was
done in Ref. [43], in a model using a deformed representation
of a single particle in the Nilsson orbitals coupled to a rotor.
It was shown that this model describes well the isotopes
of 55,56Mn. The ground state was calculated to be 5/2−
and a deformation of β ∼ 0.27 was assigned to it. These

experimental observations have been addressed also in the
work of Paar [44], where a model that describes the excited
states in a nucleus with three particles or holes outside a
single closed shell has been discussed. The calculated nuclei
are represented as a three-hole cluster, coupled to the low-
frequency quadrupole vibration of 58Ni. The agreement in
the description of the isotopes of 51,53,55Mn was improved.
The trend of 5/2− spin parity for the ground state and
7/2− for the first-excited state is very well reproduced by

FIG. 9. (Color online) Systematics of the ground state and first-
excited state in odd-A 49−61Mn24−36 isotopes [38,45].
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FIG. 10. (Color online) Comparison of the experimental data on the odd-A 59,61Fe isotopes with shell-model calculations performed with
two different interactions. Only negative-parity states are shown in the two experimental data sets with the exception of the 9/2+ excited state
in both nuclei.

recent shell-model (GXPF1A) calculations [46], where excellent
agreement for the odd-mass 51−55Mn isotopes is obtained.

For the further spin and parity discussion, it is interesting
to compare the obtained decay scheme of 61Mn and the levels
in 61Fe with the information on the A = 59 decay chain.
The β decay of 59Mn has been investigated in Ref. [18].
Allowed β transitions from the 5/2− 59Mn ground state were
observed to the ground state of 59Fe and three low-lying
excited states at 473, 571, and 726 keV. In a neutron-transfer
experiment, 58Fe(d,pγ )59Fe [16], different states in 59Fe were
populated. Using the experimental cross-section distributions
and Distorted-Wave Born Approximation calculations, the
spin and parity assignments for most of them could be firmly
fixed. Two states below 1 MeV were strongly populated,
indicating their single-particle character: the ground state and
the 473-keV level. This strong population was confirmed in
a later (d,p) study [17]. Combining the β-decay work [18],
the transfer works [16] and [17], an (n,γ ) work [47], and a
fusion-evaporation study [19] leads to a number of firm spin

and parity assignments of excited levels in 59Fe, presented in
Fig. 10.

The situation concerning the spin and parity of the ground
state of 61Mn is not yet fully settled. Therefore, we keep the
tentative (5/2−) assignment for its ground state. As the β-
decaying level of 61Mn has such a spin and parity, direct,
allowed, and forbidden decays are possible to levels with spins
3/2, 5/2, and 7/2 in 61Fe.

Seven strong β transitions with logf t values below 5.7 are
observed to the ground state and 207-, 629-, 1161-, 1253-,
2144-, and 2511-keV levels, supporting firm negative-parity
assignment for these levels (Table I). When comparing the
measured logf t values with the published values for 59Mn, a
striking analogy between the two decay chains is apparent and
a number of spin assignments can be inferred, supported by
the preliminary analysis of the DIS data [42].

The similarity in direct ground-state feeding and the feeding
to the 207-keV level, together with the decay pattern of the
9/2+ isomer (an M2–M1/E2 cascade with no crossover) fixes
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firmly the spin and parity of 61Fe’s ground state to 3/2− and
the 207-keV state to 5/2−, confirming the results from the
experiments noted in the introduction.

A tentative (3/2−) assignment is proposed for the 629-keV
level, analogous to the 726-keV state in 59Fe (Fig. 10), based
on the observed β-decay feeding.

A (1/2−) tentative assignment can be made for the 391-keV
level in analogy to the 287-keV level in 59Fe. The absence of
strong β-decay feeding and absence of feeding to that state in
the DIS reaction supports such a spin and parity assignment for
the 391-keV level. In particular, the lighter odd-mass 55−59Fe
nuclei exhibit a 1/2− level below 500 keV, and hence the
391-keV level is the only candidate for such a state in this
energy range in 61Fe. Based on the latter conclusion for a
(1/2−) spin and parity, all of the high-energy levels that decay
into the 391-keV level would be limited to spin and parity of
�5/2−.

The spin and parity of the excited state at 959 keV
was determined to be 7/2− following the angular-correlation
analysis in Ref. [32].

The absence of any feeding in the DIS data suggests spins
below 7/2 for the levels at 1013, 1253, and 1262 keV. The
lowest of these can also be tentatively assigned as (1/2−) on
the basis of the determined logf t of > 7 (see Table I), while
the strong β branches for the levels at 1161 and 1253 keV
rule out a 1/2− assignment. Again, based on the analogy with
levels in 59Fe, where the second 5/2− level is below the third
3/2−, the 1253-keV state can be tentatively assigned as (3/2−)
and the one at 1161 keV as (5/2−).

In Ref. [32], a 517-keV transition was found to be
coincident with the 752- to 207-keV cascade de-exciting
the level at 959 keV, defining an excited state at 1477 keV
(Fig. 8). A (5/2−, 9/2−) assignment is proposed based on the
angular-correlation measurement in Ref. [32]. Information in
the current decay work—the high logf t value and the lack
of a transition to the ground state—can narrow this down
to (9/2−). The observations in Ref. [42], combined with the
γ -decay branching and the absence of strong β decay towards
that state as well as to the 862-keV state, are consistent with
the proposed (9/2−) and the established 9/2+ spin and parity
assignments, respectively. Due to the experimental conditions,
though, it is not clear if the 9/2+ level at 862 keV is directly
fed or through γ decay from higher-lying levels.

The 1705-keV level in the beta decay of 61Mn is fed with
a logf t of > 7.1 (Table I). Its comparison with the values
for the tentative (1/2−) at 391 keV and the (9/2−) at 1477
keV supports either of the spin and parity assignments for the
former.

The β feeding towards the state at 2144 keV suggests an
allowed transition and thus spins and parities ranging from
(3/2−) to (7/2−). Since no transition to the 7/2− state at 959
is observed, a tentative (3/2−, 5/2−) assignment is adopted in
Fig. 10.

VI. DISCUSSION

An important feature of this study is the large amount of data
collected and the likelihood that most, if not all, levels below

2 MeV with spins below 9/2 have been observed. Hence, the
statement that the levels of 61Fe are quite similar to those of
59Fe can be made on the basis of finding the same amount of
negative-parity levels up to ∼2 MeV in both nuclei, presented
in Fig. 10. The strength of this statement is supported by the
exhaustive data sets available for 59Fe that still did not reveal
any more levels in this energy range that would be populated
in this β-decay study. In other words, this careful study has
revealed neither a much larger nor a much smaller level density
below that energy cut-off. Hence, the question can be raised
as to why the addition of two neutrons had so little impact on
the observed structure. One answer is the rapid closure of the
gap above which the νg9/2 orbital lies. With a smaller gap,
strong pairing provides for enhanced occupancy of the νg9/2

orbital, leaving the negative-parity levels largely unperturbed.
The strong pairing will keep the neutron pair in the νg9/2 orbital
from breaking in a way that can mix new configurations into
the other low-spin negative-parity levels.

Two sets of shell-model calculations have been performed
for negative-parity levels in 59,61Fe for comparison with the
experimental spectra of states in Fig. 10. One set of levels
was calculated with the code ANTOINE [48] using the GXPF1A

[49] effective interaction with a 40Ca core. The model space
included protons and neutrons in the fp shell, although the
f7/2 neutron subshell was frozen with a full complement of
eight neutrons, resulting in an effective 48Ca core. The other
calculations were performed with the Oslo shell-model code
[50], with the pfg interaction and a 48Ca core as described
in Ref. [51]. The model space includes protons in the fp
shell and neutrons in the p3/2, f5/2, p1/2, and g9/2 orbitals;
here, however, excitations into the g9/2 neutron orbital were
blocked. Thus, both calculations were performed in the same
model space but with different two-body matrix elements and
single-particle energies for the active fp orbitals.

When comparing with the model calculations, two features
stand out: the inability of either model to place two 5/2− levels
close together in 59Fe and the finding of 1/2− ground-state spin
and parity in both models for 61Fe. Furthermore, the calculated
levels for 59Fe provide at least as good fit to the observed levels
of 61Fe as do the levels calculated with the addition of another
pair of neutrons. This is especially pertinent, given that both
calculations for 61Fe show a 1/2− spin and parity for the
ground state.

The similarity of the levels in 59,61Fe is also consistent with
the nearly constant B(E2) values up to 62Fe, with a large jump
observed for 64Fe and 66Fe [6], where the added occupancy of
the νg9/2 and/or the νd5/2 orbital can polarize the nucleus to a
much stronger degree [12,13].

VII. CONCLUSION

A decay study of selectively produced 61Mn has been
performed, resulting in an extended decay scheme which re-
sembles strongly the decay scheme of 59Mn. Several additional
levels were found and, in analogy with the β decay of 59Mn,
the spin and parity assignments of the lowest-lying levels
could be placed on more convincing grounds. A number of
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tentative spins and parities are proposed for higher-lying states
based on the information in the current β-decay study and the
preliminary data from the deep-inelastic study in Ref. [42].
The levels identified here for 61Fe reveal an unexpectedly close
similarity to the well-studied levels of 59Fe, especially when
compared to shell-model calculations.

One conclusion is that, in spite of the improved models and
the large configuration spaces (full fp shell for protons and
f5/2p shell for neutrons), neither of the models in widespread
use that we have employed in this study is able to reproduce
key features of the observed level structure. The new data on
the decay of 61Mn to levels in 61Fe, combined with the rather
complete high-spin structure known from different reaction
studies for the level structure in 59Fe, quite close to stability,
can now be used for even more extended model calculations

and as a benchmark for further studies, reaching towards the
more neutron-rich odd-mass iron isotopes.
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Jacquot, A. Kusoglu, D. Lebhertz, G. Lehaut, M. Martini, D. R.
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