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An extensive study of the level structure of 62Co has been performed following a complex multin-
ucleon transfer reaction, 26Mg(48Ca, 2α3npγ)62Co, at beam energies of 275, 290 and 320 MeV. The
combination of the Gammasphere array, the Fragment Mass Analyzer (FMA) and a focal-plane ion-
ization chamber was used to identify and delineate excited levels in 62Co. A considerable extension
to the 62Co level scheme is proposed with firm spin-parity values assigned on the basis of angular
distribution and correlation analyses. Various level sequences built upon states of single-particle
character have been observed, and an interpretation of these structures in the framework of the
spherical shell model is presented. At moderate spins, two dipole bands have been observed and,
based on their phenomenological study, a possible magnetic rotation character is suggested. How-
ever, theoretical calculations performed using the Particle Rotor Model (PRM) support magnetic
rotation for only one of these dipole bands.

I. INTRODUCTION

The evolution of shell structure of neutron-rich nuclei
in the A ≈ 60 region has been a subject of much in-
terest for the past few decades. Indeed, several studies
have been performed in order to achieve a consolidated
and consistent understanding of the structure of these
nuclei (see, for example, Refs. [1–22]). On the basis of
systematic studies of the energies of the first 2+ states,
reduced transition probabilities and precision mass mea-
surements, evidence for the existence of new subshell clo-
sures was observed at N = 40 [1, 7, 23], N = 32 [8–13, 15],
and N = 34 [14–17]. Further investigation in the vicinity
of these subshell closures (Refs. [3, 4, 18, 19], for exam-
ple) have shown that single-particle excitations within
the underlying fp-shell are a dominant feature in the
low-spin region. Moreover, at higher spins, the promo-
tion of particles into the next shell, particularly the g9/2
intruder orbital, was seen to give rise to considerable col-
lectivity in the Cr and Fe isotopic chains [20–22], and
this was recently also reported to be the case in 61Co [5]
and 62Cu [6]. Shell evolution in this mass region has also
been investigated by Ref. [24], where the β-decay chain
starting from 66Mn to 66Ni was studied and a progression
from deformed to spherical nuclear shapes was proposed.
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The studies above highlight the need to document fur-
ther the intrinsic structure of neutron-rich nuclei in the A
≈ 60 region. Indeed, while several even-even and odd-A
nuclei in this region have been investigated in the re-
cent past, only limited information is available for any
of the odd-odd counterparts. This is the case, for exam-
ple, for 62Co, where the low-spin structure is relatively
unknown. With Z = 27 and N = 35, 62Co represents a
proton hole in the f7/2 orbit, and lies mid-shell in neu-
tron number between N = 32 and 40, making it ideal to
study single-particle shell-model configurations. In par-
ticular, an opportunity presents itself to test further the
applicability of effective interactions that have been pro-
posed to account for the subshell closures at N = 32 and
34 reported above. Furthermore, with the presence of 22
valence nucleons (when considering a 40Ca core), 62Co
also offers possibilities for enhanced collectivity at higher
spins.

The earliest works on this nucleus are those reported
in Refs. [25, 26] where the half-lives of the ground
state (T1/2 = 1.50(4) min) and the first excited, nearly-
degenerate isomeric state (with T1/2 = 13.91(5) min)

were measured following 62Co β-decay. At the time, the
energy separation between these levels was only tenta-
tively reported. These investigations were followed by
a study of the (d, α) reaction on a 64Ni target, where
spins-parities and excitation energies of the populated
62Co levels were presented up to approximately 2.8 MeV
[27]. Based on the shape of the angular distribution curve
and results of DWBA calculations, the spin of the ground
state was determined to favor Jπ = 1+ or 2+, while that
of the first-excited isomeric state at 22 keV was found
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to be consistent with Jπ = 5+. The latter assignment
was made in analogy to the 62Ni(d, α)60Co reaction as
the angular distribution displayed the same characteris-
tic deviation from an L = 4, Jπ = 4+ transition. Fol-
lowing the same reasoning, it was demonstrated that the
2+ ground state and the 5+ first excited state at 22 keV
are multiplets of the dominant configuration, (π1f−17/2 ⊗
ν2p13/2) [27]. Similarly, in analogy to the 60Co ground-

state transition, the level at 611 keV was assigned a 5+

spin-parity, with a configuration symmetric to that of its
first excited counterpart: (π2p13/2 ⊗ ν1f−17/2).

The first observation of γ-ray transitions depopulating
low-spin yrast levels in 62Co was reported in Ref. [28] fol-
lowing a fusion evaporation reaction induced by an 18O
beam on a 48Ca target. Tentative spin and parity assign-
ments to the levels up to Iπ = 8+ were proposed on the
basis of angular distribution measurements. In another
study [29], four new low-energy γ transitions associated
with 62Co recoils were identified, but not placed in the
level scheme due to a lack of coincidence information.
Since then, not much progress has been made in the study
of 62Co until the present work, which aims to expand
the spectroscopic data available for this odd-odd nucleus
and to provide a more complete picture of the underly-
ing level structure. In this report, we present results on
the observation of level structures in 62Co produced via
the complex multinucleon transfer reaction 26Mg(48Ca,
2α3npγ)62Co. The observed single-particle states are
interpreted within the framework of the spherical shell-
model using the GXPF1A effective interaction [30]. In
addition, two dipole bands are also observed at moder-
ate spins. These are compared with similar structures in
neighboring nuclei, and further elucidated using Particle
Rotor Model (PRM) calculations.

II. EXPERIMENT

The data presented in this paper are part of a larger
set obtained in a complex multinucleon transfer experi-
ment carried out at the Argonne National Laboratory. A
brief description of the experimental procedure is sum-
marized below. More detailed descriptions of the exper-
iment are, for example, provided in Refs. [3–5]. Excited
states in the odd-odd 62Co nucleus were populated via
the 26Mg(48Ca, 2α3npγ)62Co inverse-kinematic, multin-
ucleon transfer reaction at beam energies of 275, 290 and
320 MeV. The 48Ca beam was provided by the Argonne
Tandem Linear Accelerator System (ATLAS) and the
emitted γ rays were detected using the Gammasphere ar-
ray [31]. This spectrometer, which comprised 101 Comp-
ton suppressed HPGe detectors at the time of the exper-
iment, was used in conjunction with the Fragment Mass
Analyzer (FMA) and a Micro-Channel Plate (MCP) de-
tector placed at the focal plane to provide clean channel
selection by dispersing the residues according to their
mass-to-charge ratios (M/q). The MCP was followed by
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FIG. 1: (Color online) Angular distributions for some of the γ
transitions found in the level scheme of 62Co (see Fig. 2). Ex-
perimental data are shown as black circles while the angular
distribution fit is the red curve.

a threefold ionization chamber, which provided Z identi-
fication. Gamma rays associated with 62Co residues were
sorted into symmetrized γ-γ coincidence matrices for sub-
sequent analysis with the RADWARE suite of codes [32].
Energy and efficiency calibrations were performed with
the standard radioactive sources – 152Eu and 56Co.

Level sequences, spins and parities for the various ex-
cited states were assigned on the basis of γ-γ coincidence
relationships, angular distributions and two-dimensional
angular correlation ratios. For angular distribution mea-
surements, data from symmetric positions in Gamma-
sphere were combined into eight rings with the aver-
age angle values, θ = 17.3◦, 31.7◦, 37.4◦, 50.1◦, 58.3◦,
69.8◦, 79.9◦, and 90.0◦ with respect to the beam direc-
tion. Spectra from each ring were corrected for efficiency
and the extracted intensities were fitted with the stan-
dard angular distribution function:

W (θ) = 1 +A2P2(cos θ) +A4P4(cos θ), (1)

where P2 and P4 are the associated Legendre polyno-
mials. The angular distribution coefficients, A2 and
A4, were extracted using a Markov-Chain Monte Carlo
(MCMC) sampling technique. This technique has been
described in detail in Ref. [33], and the various steps to
obtain the angular distribution parameters are enumer-
ated in Ref. [34]. In the present work, a simple conven-
tion that associates a positive A2 value with pure ∆I = 2
transitions and a negative one with mixed ∆I = 1 tran-
sitions has been adopted. Angular distribution plots for
some of the transitions and the adopted initial and final
spins are presented in Fig. 1.

For transitions with weak intensities, a two-
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FIG. 2: (Color online) Level scheme of 62Co developed in the present work. Note that the lowest level shown is a 5+ isomeric
level with Ex = 22 keV. The newly added transitions are given in red with the tentative placements shown in brackets.

dimensional angular correlation ratio, Rac was used. This
is defined as the normalized ratio of γ-ray intensities ob-
served in detectors placed at forward or backward angles
to those observed in detectors placed at 90◦ with respect
to the beam direction. Here, three coincidence matrices
were created corresponding to γ rays detected at forward
(31.7◦, 37.4◦, 50.1◦), backward (129.9◦, 142.6◦, 148.3◦,
162.7◦) and middle (69.8◦, 79.2◦, 80.7◦, 90.0◦, 99.3◦,
100.8◦, 110.2◦) angles on one axis and γ rays detected
at all angles grouped on the other. Placing energy gates
on the all-angle axis, the intensity of coincident γ rays
can be determined and the ratio Rac calculated as [35]:

Rac =
Iγ2forward/backward(Gateγ1all θ)

Iγ2middle(Gateγ1all θ)
, (2)

where γ1 and γ2 are two successive γ transitions and θ
is the angle with respect to the direction of the beam.
Similar to angular distributions, Rac can be used to dis-
tinguish between ∆I = 1 and ∆I = 2 transitions. In
the present analysis, a stretched quadrupole transition
(∆I = 2) is characterized by an Rac value greater than
1.0 while a value of Rac < 0.8 indicates a dipole ∆I = 1

transition [5]. The A2 and A4 coefficients, the extracted
Rac ratios, and the adopted multipolarities for transi-
tions observed in the present study are listed in Table I,
together with information on transition energies and in-
tensities as well as on placements in the level scheme.

III. LEVEL SCHEME

The complete decay scheme of 62Co established in the
present work is displayed in Fig. 2. This scheme was
developed using a combination of energy sums, intensity
balances and γ-γ coincidence relationships. While the
low-spin part is similar to that presented in Refs. [27–
29, 36], the current scheme presents a significant exten-
sion with excitations up to 6.9 MeV and firm assignments
of spins and parities. Fig. 3 provides the background-
subtracted and efficiency-corrected total projection spec-
trum obtained in coincidence with 62Co recoils. This fig-
ure highlights the dominant transitions at low spins with
the 326-keV γ ray appearing as the most intense. Also
visible is the 483 (484)-keV transition that populates the
bandhead of the newly established dipole band, identi-
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FIG. 3: Total background-corrected projection spectrum ob-
tained from the 62Co coincidence matrix.
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FIG. 4: The observed coincidence spectra resulting from a
single coincidence gate on (a) Eγ = 1195 keV and (b) Eγ =
326 keV. The coincident γ-ray energies are marked against
the respective energy peaks.

fied as DB1 (DB2), in Fig. 2. The structure and nature
of these bands is discussed in detail in the next section.
As noted above, the present scheme is built atop the 5+1
isomeric level located 22 keV above the ground state.
The spin and parity of this 5+1 state and of the four lev-
els depopulated by the black-colored transitions in Fig. 2
were previously established in Refs. [27–29]. These as-
signments have been confirmed in the present work.

Figs. 4(a) and (b) present spectra resulting from coin-
cidence gates on the 1195- and 326-keV transitions, re-
spectively. Based on the coincidence relationships and
intensities observed in these gated spectra, the 1195 -
326 - 766 - 860-keV cascade has been established (see
Fig. 2). Following a similar procedure, a few of the other
low-lying γ rays (such as the 888-, 588-, 606- and 307-
keV transitions) have also been placed. It is important
to note here that the present work is in agreement with
Ref. [29] regarding the placement of the 588- and 606-keV
transitions linking the 6+1 → 5+2 → 5+1 cascade. Based on
intensities and the presence of a weak 588-keV peak in
the spectrum obtained by gating on the 1195-keV tran-
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sition [see Fig. 4(a)], the 588-keV transition has been
deduced to be a doublet, the second component of which
was found to deexcite the 8+ level at 2.1 MeV, and is
part of the 910 - 1468 - 588-keV cascade populating the
yrast 7+1 level. It is, however, observed (from Fig. 5)
that the intensity of 588-keV γ ray depopulating the 5+2
level is approximately twice that of the preceding 606-
keV transition. With the 326 - 606 - 588-keV cascade,
the same intensities would be expected for the 588- and
606-keV transitions in a coincidence spectrum gated with
the 766-keV γ ray. This excess intensity of the 588-keV
γ ray has, therefore, been attributed to the possible pres-
ence of another structure feeding into the 5+2 state that
would deexcite via the 588-keV transition to the 5+1 level.
Evidence of this structure has not been observed in the
present study, presumably because of the expected in-
tensity being distributed over several weak transitions.
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It is also worth mentioning the presence of the newly-
established 4+1 state at 910 keV. Despite its low energy,
this level was not seen in any of the previous investiga-
tions (Refs. [27, 28], for example). Although the most
recent study by Recchia et al. [29] identified two new γ
rays (307- and 888-keV) in addition to the five lowest
transitions (326-, 588-, 606-, 766- and 1195-keV), no in-
dication of their placement in the level scheme was pro-
vided. These two transitions have now been placed as
populating (307 keV) and depopulating (888 keV) the
910-keV level, based on the lack of coincidence with the
1195-keV transition. Angular distribution and correla-
tion analyses have identified the 307-keV transition as
being of quadrupole character, and the 888-keV one as a
dipole, hence a 4+ spin assignment. The relevant angular
distribution plots are displayed in Fig. 1.

In addition to several new levels, two rotational-like
sequences, identified as DB1 and DB2 in Fig. 2, have
been observed in coincidence with the low-lying struc-
ture. Band DB1, comprising the 483-, 674-, 1089-, and
1135-keV in-band transitions, is built on top of the Iπ =
9+ bandhead at an excitation energy of 3.6 MeV. It feeds
into the yrast structure via the 880- and 1255-keV tran-
sitions. A coincidence spectrum obtained by gating on
the 766-keV γ ray is presented in Fig. 5 where the peaks
marked in red correspond to the DB1 in-band transi-
tions. Based on the present multipolarity analysis (see
Table I), the 483-, 674- and 1089-keV transitions within
this band have been identified as ∆I = 1 transitions.
The highest in-band transition of 1135 keV was too weak
to perform a detailed angular distribution or correlation
analysis. However, due to its placement atop a sequence
of dipole transitions, a ∆I = 1 character was adopted
for it as well. Similarly, the 484-, 656-, 795-, 888- and
1010-keV cascade, labelled as DB2 in Fig. 2, has been
found to have a predominantly-dipole character on the

basis of the angular distribution/correlation analysis for
the 484-, 656-, 795-, 888-keV transitions, and of the con-
tinuation of the band in the case of the weak 1010-keV γ
ray. These transitions are ordered based on their relative
intensities but, unlike the DB1 band, the spins and pari-
ties have not been assigned since their decay paths to the
low-energy part of the level scheme could not be firmly
established. Fig. 6(a) provides a coincidence spectrum
resulting from the sum of all possible single coincidence
gates placed on the DB2 in-band transitions. Of note
is the presence of the 547-keV dipole transition (marked
in red) which has been observed [see Fig. 6(b)] to be in
coincidence with all the DB2 in-band transitions as well
as with those linking the 8+1 state at 2.1 MeV to the 1.5-
MeV 7+1 level within the yrast structure; i.e., the 588- ,
1574- and 1460-keV γ rays. This 547-keV γ ray was also
found to be in coincidence with the 1050 - 1371 - 888-keV
cascade feeding directly into the 5+1 isomeric state. A di-
rect comparison of Figs. 6(a) and (b) reveals that, while
the 326-, 766- and 1195-keV transitions show strong co-
incidence relationships with the DB2 in-band transitions,
they exhibit weak ones with the 547-keV γ ray. Based
on these observations and intensity balances, it is con-
cluded that the decay of the DB2 band proceeds through
at least two pathways, with one branch connected via the
547-keV transition and other intermediate transitions to
the 4+1 state at 910 keV, and the other linking through
the 766 - 326 - 1195-keV cascade in the yrast structure.
These connecting transitions appeared, however, to be
too weak to be observed in the coincidence spectra and,
thus, no firm connection of DB2 band to the lower part
of the level scheme could be established. Based on inten-
sity and coincidence considerations, the DB2 bandhead
energy has been deduced to be Ex ≥ 4.5 MeV, with a
most probable spin-parity assignment being Iπ ≥ 10+.

TABLE I: Gamma-ray energies, relative intensities, energy of the initial state, initial and final spins, angular correlation ratios
(Rac), experimental angular distribution coefficients (A2 and A4), and adopted multipolarities for the transitions shown in
Fig. 2.

Eγ (keV) Iγ Ei (keV) Iπi → Iπf Rac A2 A4 Multipolarity
306.8(2) 8(1) 1216.8(1) 6+ → 4+ 1.03(9) 0.35(16) 0.01(21) E2
325.7(1) 58(3) 1542.6(1) 7+ → 6+ 0.83(4) −0.24(6) −0.05(8) M1 + E2
371(1) 4(1) 3169.1(2) 9+ → 8+ 0.77(31) – – M1 + E2

438.9(4) 1(1) 3607.9(5) 10+ → 9+ 0.72(19) – – M1 + E2
483.4(9) 4(1) 4048.8(4) 10+ → 9+ 0.84(13) – – M1 + E2
483.5(3) 3(1) x+1030.5 J + 2 → J + 1 0.71(7) −0.32(13) 0.10(19) M1 + E2
489.0(2) 3(1) 2797.9(3) 8+ → 8+ 0.81(57) – – M1 + E2
547.0(3) 5(1) x+547.0 J + 1 → J 0.82(20) −0.64(11) −0.18(15) M1 + E2
587.7(3) 9(1) 2130.2(3) 8+ → 7+ 0.89(16) −0.37(19) −0.05(27) M1 + E2
588.4(2) 15(2) 610.6(2) 5+ → 5+ 0.83(8) −0.34(19) −0.21(24) M1 + E2
606.2(2) 13(1) 1216.8(1) 6+ → 5+ 0.89(9) −0.45(9) −0.09(12) M1 + E2
655.5(3) 5(1) x+1686.0 J + 3 → J + 2 0.77(22) −0.50(10) −0.16(13) M1 + E2
674.4(4) 2(1) 4723.2(4) 11+ → 10+ 0.80(22) −0.37(18) −0.18(26) M1 + E2
679(2) 3(1) 2960(2) 4+ → 6+ 1.31(45) – – E2
694(6) 0.1(5) 4284(7) 12+ → 10+ 1.20(64) – – E2

744.7(4) 3(1) 4723.2(4) 11+ → 11+ 0.77(16) – – M1 + E2
766.4(1) 54(3) 2308.9(2) 8+ → 7+ 0.90(3) -0.29(9) −0.12(13) M1 + E2
773(1) 1(1) 4381(1) 11+ → 10+ 0.80(17) – – M1 + E2
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TABLE I – Continued from previous page.
Eγ (keV) Iγ Ei (keV) Iπi → Iπf Rac A2 A4 Multipolarity
794.9(4) 3(1) x+2480.9 J + 4 → J + 3 0.82(36) −0.56(12) −0.30(17) M1 + E2
809.4(2) 11(1) 3978.5(3) 11+ → 9+ 1.20(11) 0.53(23) 0.05(25) E2
813.6(9) 0.4(6) 3122.6(9) 9+ → 8+ 0.96(32) – – M1 + E2
860.1(1) 26(2) 3169.1(2) 9+ → 8+ 0.86(5) −0.23(13) −0.08(20) M1 + E2
880.0(4) 4(1) 4048.8(4) 10+ → 9+ 0.73(18) – – M1 + E2
887.9(3) 15(3) 910.0(2) 4+ → 5+ 0.92(18) −0.34(13) 0.06(17) M1 + E2
888.0(2) 4(1) x+3368.9 J + 5 → J + 4 0.91(13) – – M1 + E2
909.7(8) 1(1) 4508(2) 11+ → 9+ 1.13(19) – – E2
1010(9) 0.1(3) x+4378.7 (J + 6) → J + 5 – – – (M1 + E2)
1022(1) 0.3(5) 5001(1) 12+ → 11+ 0.65(30) – – M1 + E2
1050(5) 3(3) 3331(5) (7+) → 6+ – – – (M1 + E2)

1089.4(6) 2(1) 5812.6(7) 12+ → 11+ 0.90(11) – – M1 + E2
1135.2(9) 1(1) 6948(1) (13+) → 12+ – – – (M1 + E2)
1182(1) 2(1) 4304(1) 10+ → 9+ 0.71(13) – – M1 + E2

1194.9(1) 44(5) 1216.8(1) 6+ → 5+ 0.86(4) −0.26(5) −0.13(7) M1 + E2
1255.4(8) 1(1) 3564.8(6) 9+ → 8+ 0.74(48) – – M1 + E2
1371(1) 3(1) 2281(1) 6+ → 4+ 1.23(63) – – E2
1460(4) 5(1) 3590(4) 10+ → 8+ 1.37(16) – – E2
1468(1) 2(1) 3598(1) 9+ → 8+ 0.97(21) – – M1 + E2
1574(4) 1(1) 3704(4) 10+ → 8+ 1.24(43) – – E2
1581(4) 1(1) 2797.9(3) 8+ → 6+ 1.36(83) – – E2
2050(4) 3(1) 2960(2) 4+ → 4+ – – – (M1 + E2)
2245(3) 1(1) 3155(3) (5+) → 4+ – – – –

IV. DISCUSSION

To gain insight into the nature of the level structures
observed in 62Co, large-scale shell-model calculations
were performed using the NuShellX [37] code. These
calculations were performed in the full fp model space
using the GXPF1A two-body effective interaction [30].
The GXPF1A Hamiltonian is derived from a microscopic
calculation based on renormalized G matrix theory with
the Bonn-C interaction [38], and was recently refined by
a systematic fitting of the important linear combinations
of two-body matrix elements to low-lying states in the A
= 47 - 66 nuclei [30]. Specifically, it is worth reminding
that this interaction was first introduced to account for
the onset of the N = 32 and 34 subshell gaps [8, 12], and
highlighted the role of the monopole tensor part of the
nucleon-nucleon interaction. With a 40Ca core, energy
levels in 62Co were investigated as an interplay between
7 valence protons and 15 valence neutrons. Fig. 7 com-
pares the shell-model calculations with the experimental
level energies for the yrast states and other low-lying en-
ergy levels. While the calculations were able to correctly
predict the 2+ ground-state spin and parity, significant
discrepancies between calculated and experimental ener-
gies are observed for other levels. For instance, the first
excited 5+1 state is calculated to be about 151 keV above
the experimental value. To further quantify the compari-
son, a root-mean-square deviation, ∆rms, between exper-
iment and shell-model predictions was calculated. The

∆rms is given by Ref. [39] as:

∆rms =

√√√√ N∑
i=1

(Eiexp − Eism)/N,

where Eiexp and Eism are the respective experimental and

shell-model level energies of the ith state and N is the
total number of states used in the calculation. For E ≤ 3
MeV, a value ∆rms ≈ 430 keV was obtained. This devia-
tion was found to increase substantially for level energies
beyond E ≥ 3.5 MeV. A high value of ∆rms indicates the
failure of the chosen model space to successfully repro-
duce the experimental energy levels. It is worth point-
ing out that a deviation in ∆rms of the same magnitude
was observed in the case of 61Co [5] for levels with Iπ

≥ 17/2−. In the latter work, the absence of the g9/2
neutron orbital within the fp model space used by the
GXPF1A interaction was proposed to be responsible for
the observed discrepancy at high spin. Following this in-
terpretation further in the case of 62Co then points to a
larger role for this g9/2 orbital, even in the description of
lower excitations. Calculations with a larger model space
are beyond the scope of the present work.

As mentioned above, two rotational-like bands have
also been observed at moderate spins in addition to the
low-spin structure of single-particle character. The DB1
band has been observed up to Iπ = (13+) with an ex-
citation energy of 6.9 MeV, and consists of four strong
∆I = 1 in-band transitions. A connection to the low-
spin structure could not be established for the DB2 band.
However, just like the DB1 band, the DB2 sequence is
also comprised of strong ∆I = 1 in-band transitions.
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FIG. 7: (Color online) Experimental level energies in 62Co
compared with spherical shell-model calculations using the
GXPF1A effective interaction. The experimental energies are
given in black (left) while the shell-model predictions are in
red (right).

No crossover ∆I = 2 transitions have been observed in
either of these bands. With the observation of similar
dipole bands in the nearby nuclei - 61Co [5] and 58Fe [39]
- where magnetic rotation was suggested, the existence
of DB1 and DB2 bands in 62Co is, perhaps, not sur-
prising and can potentially be considered to be of the
same origin. To investigate this interpretation further,
the formalism based on the shears mechanism developed
in Refs. [40, 41] was utilized.

Magnetic rotation was first observed in neutron-
deficient Pb isotopes, where the Tilted Axis Cranking
(TAC) model was used to interpret the bands [42]. Mag-
netic rotation bands are seen when the total angular mo-
mentum is generated by the alignment of the proton and
the neutron spins (jπ and jν , respectively) in a man-
ner reminiscent of the closing of a pair of shears. These
bands are characterized by a regular sequence of strong
M1 transitions with little or no crossovers. For such
bands, Refs. [40, 41] showed that the energies of the lev-
els involved follow the pattern: (E − E0) ≈ A(I − I0)2,
where E0 and I0 correspond to the energy and spin of
the bandhead, respectively. The observed relationship

FIG. 8: (Color online) Excitation energy as a function of spin
for DB1 (black circles) and DB2 (green triangles) bands in
62Co. Also shown for comparison are the DB2 band in 61Co
(blue squares) and the MRB1 band in 58Fe (red hexagons).
For each of the bands, the red curve corresponds to a fit pro-
portional to the relation A(I − I0)2 (see text).

between the excitation energy and the angular momen-
tum of such bands is, therefore, parabolic in nature with
the minimum energy of the parabola at E0 correspond-
ing to a nonzero angular momentum, I0. Fig. 8 presents
the excitation energy as a function of spin for the DB1
and DB2 bands in this nucleus. Calculations for the
DB2 band were carried out assuming a bandhead with
Ex = 4.5 MeV and Iπ = 10+. Also displayed in Fig. 8
are some of the observed dipole bands in 61Co [5] and
58Fe [39]. The experimental points are seen to follow a
strong A(I − I0)2 relationship further supporting an in-
terpretation in terms of magnetic rotation for the DB1
and DB2 bands in 62Co.

Another parameter of interest for magnetic rotation is
the shears angle θ, e.g., the angle between the proton
and neutron spin vectors jπ and jν at the bandhead.
Following the nomenclature of Ref. [40], the shears angle
is defined as,

cos θ =
I2 − j2π − j2ν

2jπjν
, (3)

where I is the total spin. At the bandhead of a magnetic
rotation band, θ = 90◦. Using I = 9 for the bandhead
of the DB1 band and jπ = 5, Eq. (3) gives jν ≈ 7. Sim-
ilarly, jν ≈ 9 was obtained for the DB2 band. The I,
jπ and jν values can then be used to obtain the value
of θ as the band progresses to higher angular momen-
tum. Knowing this angle and the level energies, one can
also get insight into the effective interaction Vπν between
the proton and the neutron components. The interaction
Vπν defines the change in potential energy caused by the
recoupling of the nucleon angular momenta and is given
by Vπν(I(θ)) = E(I)−Ebandhead [41]. Figs. 9(a) and (b)
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FIG. 9: (Color online) Effective interaction as a function of
the shears angle θ for (a) DB1 and (b) DB2 bands in 62Co.
Also shown for comparison are the plots for (c) DB2 band in
61Co and (d) MRB1 band in 58Fe. The red curve corresponds
to a fit with P2-type force dependence.

provide the correlation between the V (I(θ)) parameter,
and the shears angle for the DB1 and DB2 bands, respec-
tively, while Figs. 9(c) and (d) present the correspond-
ing plots for dipole bands in 61Co and 58Fe, respectively.
The nature of the effective interaction between protons
and neutrons has been discussed in detail in Ref. [43],
where it was shown that by taking contributions from
spatial forces and symmetry arguments under considera-
tion, the effective interaction can be expanded in terms
of even multipoles such that

V (θ) = V0 + V2P2(cos θ) + · · · . (4)

The energy change along the band (E − E0) is then
proportional to V2P2(cos θ) where the sign of V2 indi-
cates the nature of interaction. The experimental fits in
Figs. 9(a)-(d) correspond to a P2-type dependence with
the extracted constant V2 = +1.69 MeV and +2.40 MeV
for the DB1 and the DB2 bands, respectively. The cor-
responding constants for the dipole bands in 61Co and
58Fe have been reported as V2 ≈ 1.0 and 1.3 MeV, re-
spectively [5, 39].

Based on the striking similarity between the behav-
ior of all these bands, an interpretation of the DB1 and
DB2 sequences as magnetic rotation bands appears to
be well founded. However, the discussion above is phe-
nomenological and validation through calculations would
strengthen the case further. For this purpose, theoret-
ical calculations in the framework of the Particle Ro-
tor Model (PRM) [44–49] were performed. The input
configurations and deformation parameters for the PRM
were obtained from adiabatic and configuration-fixed
constrained covariant density functional theory (CDFT)
calculations [50–54] with the point-coupling effective in-
teraction PC-PK1 [55]. The calculated configuration as-
sociated with the DB1 band was π(1f7/2)−2(2p3/2)1 ⊗
ν(2p3/2)−1 with a prolate deformation β = 0.20, while
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FIG. 10: (Color online) PRM results in comparison with ex-
perimental data for the DB1 and DB2 bands in 62Co: (a)
energy spectra, (b) B(M1)/B(E2) ratios, (c) B(M1), and
(d) B(E2).

that calculated for the DB2 band was π(1f7/2)−1 ⊗
ν(1g9/2)2(2p3/2)−1 with β = 0.28. These two configura-
tions are the lowest two excited positive-parity particle-
hole configurations (with excitation energies 1.63 MeV
and 5.38 MeV, respectively) with respect to the ground
state in the CDFT calculations. Another possibility for
an excited positive-parity configuration is π(1g9/2)1 ⊗
ν(1g9/2)1 at an excitation energy of 7.33 MeV and a de-
formation of β = 0.33. However, this particle-particle
configuration leads to a ∆I = 2 band and is, thus, incon-
sistent with the experimental data. Of note within the
chosen configuration for the DB1 band is the absence of a
high-j valence particle that would be responsible for the
formation of a shear. Nevertheless, the calculated energy
spectra as a function of spin compare well with the exper-
imental data [see Fig. 10 (a)], where calculated moments
of inertia J0 = 7.875 and 3.0 ~2/MeV were adopted for
the DB1 and DB2 bands, respectively. Note that for each
configuration, the bandhead energy as predicted by PRM
was normalized to its respective experimental value.

The PRM was utilized further to obtain electromag-
netic transition probabilities and to examine their trend
as a function of angular momentum. Typical character-
istics of magnetic rotation bands are strongly enhanced
M1 transitions at low spins as well as a decreasing trend
in M1 strength with increasing angular momentum. In
contrast, the associated E2 transitions of the bands
are very weak. Figs. 10(b)-(d) display the calculated
B(M1)/B(E2) ratios, B(M1), and B(E2) strengths as
a function of spin for the DB1 and DB2 bands. As ex-
pected, the computed B(E2) values for the bands are
small (< 0.02 e2b2) and increase with spin [Fig. 10
(d)]. However, the anticipated, characteristic large M1
strength and its decrease with spin is calculated to occur
only for the DB2 sequence. The corresponding strength
is small and almost constant in the DB1 case [Fig. 10
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(c)]. As a result, the computed B(E2)/B(M1) ratios as
a function of spin exhibit a strikingly different pattern as
well. The differences between the two calculated bands
can be traced to the absence of a high-j particle in the
DB1 configuration discussed above. A theoretical study
detailing further the PRM calculations is, however, be-
yond the scope of the present work and will be published
elsewhere [56].

V. CONCLUSIONS

A detailed study of the odd-odd 62Co nucleus was per-
formed following a multinucleon transfer reaction. A
considerable extension to the level scheme was achieved
with levels up to Iπ = (13+) at an excitation energy of
6.9 MeV. Firm spin and parity assignments were possi-
ble based on angular distribution measurements. Vari-
ous single-particle level structures were observed at low
spins and large-scale spherical shell-model calculations
were employed to investigate the underlying structure.
However, the shell model was found to reproduce the
experiment rather poorly and the exclusion of the g9/2
orbital within the model space is likely responsible for
the observed discrepancy. The development of a larger
model space including the g9/2 orbital is, hence, impera-
tive for the study of neutron-rich nuclei within the A ≈
60 region. Such studies, while beyond the scope of the

present work, are becoming practical (see for example,
Ref. [57]). In addition to these single-particle structures,
two dipole bands (DB1 and DB2) were also observed at
moderate spins. A phenomenological study of the two
bands suggests a possible magnetic rotation character.
However, a higher statistics experiment would be help-
ful as it could potentially extend the bands to higher
spins and enable the extraction of transition probabili-
ties. Such data would also test further the Particle Ro-
tor Model calculations presented above, which were thus
far shown to be consistent with the magnetic rotation
picture only for band DB2.

Acknowledgements

The authors acknowledge Prof. C. J. Lister for help-
ful discussions that were instrumental in shaping the
introduction of the present work. This work was sup-
ported in part by the U.S. DOE, Office of Science, Of-
fice of Nuclear Physics, under Contract No. DE-AC02-
06CH11357 and Grant Nos. DE-FG02-94ER40834,
DE-FG02-08ER41556, DE-FG02-94ER40848 and DE-
SC0020451, by the NSF under Contract No. PHY-
0606007, and by the UNC Startup Funds of ADA. This
research used resources of Argonne National Labora-
tory’s ATLAS facility, which is a DOE Office of Science
User Facility.

[1] M. Bernas, P. Dessagne, M. Langevin, J. Payet,
F. Pougheon, and P. Roussel, Physics Letters B 113,
279 (1982).

[2] S. Zhu, R. V. F. Janssens, M. P. Carpenter, C. J. Chiara,
R. Broda, B. Fornal, N. Hoteling, W. Królas, T. Laurit-
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C 85, 034336 (2012).

[3] M. Albers, S. Zhu, A. D. Ayangeakaa, R. V. F. Janssens,
J. Gellanki, I. Ragnarsson, M. Alcorta, T. Baugher, P. F.
Bertone, M. P. Carpenter, C. J. Chiara, P. Chowdhury,
H. M. David, A. N. Deacon, B. DiGiovine, A. Gade, C. R.
Hoffman, F. G. Kondev, T. Lauritsen, C. J. Lister, E. A.
McCutchan, C. Nair, A. M. Rogers, and D. Seweryniak,
Phys. Rev. C 94, 034301 (2016).

[4] M. Albers, S. Zhu, R. V. F. Janssens, J. Gellanki, I. Rag-
narsson, M. Alcorta, T. Baugher, P. F. Bertone, M. P.
Carpenter, C. J. Chiara, P. Chowdhury, A. N. Deacon,
A. Gade, B. DiGiovine, C. R. Hoffman, F. G. Kondev,
T. Lauritsen, C. J. Lister, E. A. McCutchan, D. S. Moer-
land, C. Nair, A. M. Rogers, and D. Seweryniak, Phys.
Rev. C 88, 054314 (2013).

[5] A. D. Ayangeakaa, S. Zhu, R. V. F. Janssens, M. P.
Carpenter, M. Albers, M. Alcorta, T. Baugher, P. F.
Bertone, C. J. Chiara, P. Chowdhury, H. M. David, A. N.
Deacon, B. DiGiovine, A. Gade, C. R. Hoffman, F. G.
Kondev, T. Lauritsen, C. J. Lister, E. A. McCutchan,
D. S. Moerland, C. Nair, A. M. Rogers, and D. Sewery-
niak, Phys. Rev. C 91, 044327 (2015).

[6] D. W. Luo, C. Xu, Y. K. Wang, Z. H. Li, R. A.
Bark, S. Q. Zhang, H. Hua, S. Y. Wang, J. Peng,
X. Q. Li, H. Y. Wu, X. Wang, C. G. Wu, Q. T. Li,
J. Lin, Y. Jin, W. Z. Xu, L. Mu, J. Meng, F. R.
Xu, Y. L. Ye, D. X. Jiang, P. Jones, E. A. Lawrie,
P. Papka, M. F. Nkalanga, T. D. Bucher, M. V. Chis-
api, L. Msebi, S. Jongile, S. Ntshangase, B. R. Zikhali,
S. H. Mthembu, T. Seakamela, M. A. Sithole, O. Shiri-
hda, A. A. Aava, L. Mdletshe, K. L. Malatji, S. Mhlongo,
and L. Makhathini, Phys. Rev. C 105, 024305 (2022).

[7] R. Broda, B. Fornal, W. Królas, T. Paw lat, D. Bazzacco,
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bieri, B. R. Barquest, J. Bergmann, J. Bollig, T. Brun-
ner, E. Dunling, A. Finlay, H. Geissel, L. Graham,
F. Greiner, H. Hergert, C. Hornung, C. Jesch, R. Klawit-
ter, Y. Lan, D. Lascar, K. G. Leach, W. Lippert, J. E.
McKay, S. F. Paul, A. Schwenk, D. Short, J. Simonis,
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son, R. Menegazzo, D. Mengoni, B. Million, G. Montag-
noli, R. Orlandi, G. Pollarolo, E. Sahin, F. Scarlassara,
R. P. Singh, A. M. Stefanini, S. Szilner, C. A. Ur, and
O. Wieland, Phys. Rev. C 85, 064305 (2012).

[30] M. Honma, T. Otsuka, B. A. Brown, and T. Mizusaki,
Eur. Phys. J. A 25, 499 (2005).

[31] I.-Y. Lee, Nucl. Phys. A 520, c641 (1990), nuclear Struc-
ture in the Nineties.

[32] D. Radford, Nucl. Instrum. Methods Phys. Res. A 361,
297 (1995).

[33] K. B. Howard, Structure Effects on the Giant Monopole
Resonance and Determinations of the Nuclear Incom-
pressibility, Ph.D. thesis, University of Notre Dame
(2020).

[34] N. Sensharma, Wobbling Motion in Nuclei: Transverse,
Longitudinal and Chiral, Ph.D. thesis, University of
Notre Dame (2021).

[35] A. Krmer-Flecken, T. Morek, R. Lieder, W. Gast,
G. Hebbinghaus, H. Jger, and W. Urban, Nucl. Instrum.
Methods Phys. Res. A 275, 333 (1989).

[36] A. L. Nichols, B. Singh, and J. K. Tuli, Nuclear Data
Sheets 113, 973 (2012).

[37] B. Brown and W. Rae, Nuclear Data Sheets 120, 115

(2014).
[38] M. Hjorth-Jensen, T. T. S. Kuo, and E. Osnes, Phys.

Rep. 261, 125 (1995).
[39] D. Steppenbeck, R. V. F. Janssens, S. J. Freeman, M. P.

Carpenter, P. Chowdhury, A. N. Deacon, M. Honma,
H. Jin, T. Lauritsen, C. J. Lister, J. Meng, J. Peng,
D. Seweryniak, J. F. Smith, Y. Sun, S. L. Tabor, B. J.
Varley, Y.-C. Yang, S. Q. Zhang, P. W. Zhao, and S. Zhu,
Phys. Rev. C 85, 044316 (2012).

[40] A. O. Macchiavelli, R. M. Clark, P. Fallon, M. A. Dele-
planque, R. M. Diamond, R. Krücken, I. Y. Lee, F. S.
Stephens, S. Asztalos, and K. Vetter, Phys. Rev. C 57,
R1073 (1998).

[41] A. O. Macchiavelli, R. M. Clark, M. A. Deleplanque,
R. M. Diamond, P. Fallon, I. Y. Lee, F. S. Stephens,
and K. Vetter, Phys. Rev. C 58, R621 (1998).

[42] S. Frauendorf, Nucl. Phys. A 557, 259c (1993).
[43] R. M. Clark and A. O. Macchiavelli, Annu. Rev. Nucl.

Part. Sci. 50, 1 (2000).
[44] Q. B. Chen, B. F. Lv, C. M. Petrache, and J. Meng,

Phys. Lett. B 782, 744 (2018).
[45] E. Streck, Q. B. Chen, N. Kaiser, and U.-G. Meißner,

Phys. Rev. C 98, 044314 (2018).
[46] J. Peng and Q. B. Chen, Phys. Lett. B 793, 303 (2019).
[47] Q. B. Chen, S. Frauendorf, and C. M. Petrache, Phys.

Rev. C 100, 061301(R) (2019).
[48] Q. B. Chen, S. Frauendorf, N. Kaiser, U.-G. Meiner, and

J. Meng, Phys. Lett. B 807, 135596 (2020).
[49] J. Peng and Q. B. Chen, Phys. Lett. B 806, 135489

(2020).
[50] J. Meng, J. Peng, S. Q. Zhang, and S.-G. Zhou, Phys.

Rev. C 73, 037303 (2006).
[51] J. Meng, H. Toki, S. Zhou, S. Zhang, W. Long, and

L. Geng, Prog. Part. Nucl. Phys. 57, 470 (2006).
[52] J. Meng, J. Y. Guo, Z. P. Li, H. Z. Liang, W. H. Long,

Y. F. Niu, Z. M. Niu, J. M. Yao, Y. Zhang, P. W. Zhao,
and S. G. Zhou, Prog. in Phys. 31, 199 (2011).

[53] J. Meng, Relativistic Density Functional for Nuclear
Structure (World Scientific, 2016).

[54] J. Peng and Q. B. Chen, Phys. Rev. C 98, 024320 (2018).
[55] P. W. Zhao, Z. P. Li, J. M. Yao, and J. Meng, Phys.

Rev. C 82, 054319 (2010).
[56] Q. B. Chen, To be published.
[57] A. Gade, R. V. F. Janssens, D. Bazin, P. Farris, A. M.

Hill, S. M. Lenzi, J. Li, D. Little, B. Longfellow,
F. Nowacki, A. Poves, D. Rhodes, J. A. Tostevin, and
D. Weisshaar, Phys. Rev. C 103, 014314 (2021).

http://dx.doi.org/ 10.1103/PhysRevLett.88.092501
http://dx.doi.org/10.1103/PhysRevC.98.064326
http://dx.doi.org/10.1103/PhysRevC.98.064326
http://dx.doi.org/10.1103/PhysRev.107.1628
http://dx.doi.org/10.1103/PhysRev.107.1628
http://dx.doi.org/https://doi.org/10.1016/0029-5582(60)90310-2
http://dx.doi.org/10.1016/0375-9474(72)90433-2
http://dx.doi.org/10.1103/PhysRevC.18.1637
http://dx.doi.org/ 10.1103/PhysRevC.85.064305
http://dx.doi.org/10.1140/epjad/i2005-06-032-2
http://dx.doi.org/https://doi.org/10.1016/0375-9474(90)91181-P
http://dx.doi.org/https://doi.org/10.1016/0168-9002(95)00183-2
http://dx.doi.org/https://doi.org/10.1016/0168-9002(95)00183-2
https://curate.nd.edu/show/p2676t08h50
https://curate.nd.edu/show/mg74qj7626t
http://dx.doi.org/ https://doi.org/10.1016/0168-9002(89)90706-7
http://dx.doi.org/ https://doi.org/10.1016/0168-9002(89)90706-7
http://dx.doi.org/https://doi.org/10.1016/j.nds.2012.04.002
http://dx.doi.org/https://doi.org/10.1016/j.nds.2012.04.002
http://dx.doi.org/https://doi.org/10.1016/j.nds.2014.07.022
http://dx.doi.org/https://doi.org/10.1016/j.nds.2014.07.022
http://dx.doi.org/https://doi.org/10.1016/0370-1573(95)00012-6
http://dx.doi.org/https://doi.org/10.1016/0370-1573(95)00012-6
http://dx.doi.org/ 10.1103/PhysRevC.85.044316
http://dx.doi.org/10.1103/PhysRevC.57.R1073
http://dx.doi.org/10.1103/PhysRevC.57.R1073
http://dx.doi.org/ 10.1103/PhysRevC.58.R621
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjwnKHh9b_yAhWCbs0KHS0SBTMQFnoECAMQAQ&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2F037594749390546A%2Fpdf%3Fmd5%3D9773a6f57b89bd4c46547998364ac3c2%26pid%3D1-s2.0-037594749390546A-main.pdf&usg=AOvVaw1-xqux_resYLv_1TyONwKw
http://dx.doi.org/10.1146/annurev.nucl.50.1.1
http://dx.doi.org/10.1146/annurev.nucl.50.1.1
http://dx.doi.org/ https://doi.org/10.1016/j.physletb.2018.06.030
http://dx.doi.org/10.1103/PhysRevC.98.044314
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2019.04.065
http://dx.doi.org/10.1103/PhysRevC.100.061301
http://dx.doi.org/10.1103/PhysRevC.100.061301
http://dx.doi.org/ https://doi.org/10.1016/j.physletb.2020.135596
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2020.135489
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2020.135489
http://dx.doi.org/ 10.1103/PhysRevC.73.037303
http://dx.doi.org/ 10.1103/PhysRevC.73.037303
http://dx.doi.org/10.1016/j.ppnp.2005.06.001
http://www.wlxjz.cn/index.php?m=content&c=index&a=show&catid=42&id=583
http://dx.doi.org/10.1142/9872
http://dx.doi.org/10.1142/9872
http://dx.doi.org/10.1103/PhysRevC.98.024320
http://dx.doi.org/ 10.1103/PhysRevC.82.054319
http://dx.doi.org/ 10.1103/PhysRevC.82.054319
http://dx.doi.org/ 10.1103/PhysRevC.103.014314

	I Introduction
	II Experiment
	III Level scheme
	IV Discussion
	V Conclusions
	 Acknowledgements
	 References

