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The structure of **Fe was investigated at Gammasphere using *®Ca(**'*C,2n) fusion-evaporation
reactions at a beam energy of 130 MeV. The level scheme has been revised and extended to J ~ 17h
and an excitation energy of 16.6 MeV. Regular band structures consisting of low-energy AJ = 1h
transitions have been observed at moderate spin (J ~ 8 — 15%) and are candidates for magnetic
rotational bands. Self-consistent tilted-axis-cranking calculations within a relativistic mean-field
theory were applied to investigate these bands and were found to reproduce the experimental re-
sults well. In other parts of the level scheme, quasirotational bands composed of stretched-FE2
transitions have been extended to high spin and other bands have been identified for the first time.
Positive-parity experimental states were compared to predictions of the spherical shell model us-
ing the GXPF1A, KB3G, and FPD6 effective interactions in the fp model space. The projected
shell model, with a deformed quasiparticle basis including the neutron vgg,, orbital, was applied
to interpret regular AJ = 2h band structures that extend beyond the maximum spin available for
7[(fr/2) %] ® V[(p3/2fs5/2p1/2)"] configurations and exhibit features characteristic of rotational align-
ment. It is clear that the vgg/9 intruder orbital plays an crucial role in describing the quasirotational

structures in this nucleus, even starting as low as J ~ 5h.

PACS numbers: 23.20.En, 23.20.Lv, 27.40.+z

I. INTRODUCTION

Over the past few decades, numerous experimental
campaigns have been undertaken to study the changes in
nuclear shell structure away from the stability line. In the
case of the fp shell, which is bounded by Z = 20—28 and
N = 20—40, recent studies have highlighted the onset of a
significant subshell closure at N = 32 in the neutron-rich
isotones °6Cr [1-4], 54Ti [5, 6], and ®2Ca [7, 8]. The onset
of the new subshell gap has been attributed to the attrac-
tive proton-neutron (7-v) interaction between the  f7 /5
and v f5 /o single-particle orbitals [9]. As protons are re-
moved from a full 7f7/5 orbital, the strength of the m-v
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interaction decreases, causing the v fs5/, orbital to shift
up in energy relative to the vp;,, and vps/, spin-orbit
partners. At Z = 24, which corresponds to the 7 f7 /o
midshell, the N = 32 subshell closure begins to present
itself via a rise in the energy of the first 2% state [F(2])],
and a suppression of the B(E2;0{ — 2) reduced tran-
sition probability, relative to the neighboring even-even
isotone °®Fe and the isotopes **Cr and ®Cr. The effect
becomes even more pronounced for °4Ti and ®2Ca, since
the 7 f7 /5 orbital is effectively empty at Z = 20.

The onset of the N = 32 gap is reproduced well by
the GXPF1 shell-model effective interaction [10] in the
full fp model space. Another important manifestation
of the GXPF1 Hamiltonian is the prediction of a signif-
icant subshell closure at N = 34 along the Ti and Ca
isotopic chains; however, this was not verified by experi-
ment in the case of °Ti [6, 11]. The interaction was mod-
ified as a result, leading to a new version, GXPF1A [12],
by changing the strength of five T = 1 matrix elements
mainly associated with the vp; /o orbital. The modified
Hamiltonian was found to reproduce E(2]) for °6Ti in
a more satisfactory manner, and also resulted in system-



atic improvements in predictions of E(QT) along the Ti
and Cr isotopic chains (see Fig. 1 of Ref. [12] for details).
Despite these modifications, the more recent interaction
still predicts a significant subshell closure at N = 34 for
Ca isotopes. However, the experimental result for F(2])
in the case of 4Ca, which is crucial for resolving signifi-
cant differences between the predictions of GXPF1A and
other fp-shell Hamiltonians, such as the KB3G [13] and
FPDG6 [14] interactions, is currently lacking.

Although the GXPF1A effective interaction accounts
for experimental features in stable and moderately
neutron-rich fp-shell nuclei rather well, its predictive
power is found to breakdown at N ~ 35 for Cr and Fe.
Various studies, for example Refs. [15, 16], have suggested
that the influence of the vgg/o orbital becomes increas-
ingly important in more exotic isotopes and that the fp
model space alone is too restrictive. Other recent stud-
ies along the Cr [17, 18] and Fe [19] isotopic chains near
N = 40 have further highlighted the impact of the vgg /o
orbital and other states outside the fp shell that drive
collectivity in these exotic systems. Attempts to extend
the fp model space in shell-model calculations indicate
the need to include the vgg /o and vds /o orbitals to repro-
duce the low-lying levels in a more satisfactory manner
[20]. In fact, this had already been recognized by some
of the same authors [21] based on data from nuclei closer
to stability.

Recently, the projected shell model (PSM) [22] has
been applied to this mass region to investigate states in
fp-shell systems to high spin. By exploiting the use of
a deformed shell-model basis, the PSM can adopt a rel-
atively large single-particle space that allows collective
motion and cross-shell excitations to be taken into ac-
count. The PSM has successfully reproduced high-spin
structural features in some fp-shell nuclei that involve
vgg/2 configurations (see, for example, Refs. [23-25]).

On the experimental side, the effect of the vgg/, orbital
on the structures of neutron-rich nuclides has already
been shown to induce deformation that leads to quasiro-
tational bands at high spin in isotopes of Cr [16, 26],
Mn [27, 28], and Fe [29, 30]. More specifically, in 55Cr,
a decoupled rotational band built on a J = 9/2h state
at 2087 keV was deduced to be one of positive parity
[2]. These results indicate that a parity change occurs
relative to the low-lying states, which suggests that the
configuration of the band involves at least one neutron in
the vgg o orbital. More recently, this band was extended
to J™ = 33/2% [31], the terminating spin expected from
the m[(f7/2)*] ® v[(p3/2fs/2p1/2)*(90/2)"] configuration,
which confirms the conclusion drawn in Ref. [2].

Thus, with the experimental evidence already at hand,
it is clear that the vgg o orbital plays a pivotal role in
describing the structures of exotic fp nuclei. In fact,
even in cases closer to stability, the vgg /o state might be
naively expected to have an influence at intermediate to
high spin. In the present study, the yrast structure of
°8Fe has been investigated to J ~ 17h to address this
issue further.

In addition to the studies discussed above, the ex-
perimental discovery of regular, rotational-like bands of
AJ = 1h transitions in near-spherical Pb isotopes and
other groups of nuclei has opened a new era in high-spin
physics over the last 20 years or so (see, for example,
Refs. [32-34]). Unlike traditional deformed rotational
bands, these structures are composed of strong M1 and
weak F?2 transitions. The orientation of these rotors is
not specified by the deformation of the overall matter
density, but rather by the current distribution induced
by specific nucleons moving in high-j orbitals.

The explanation of such bands in terms of the “shears
mechanism” was first proposed in Ref. [35], where the
generation of M1 sequences was explained and a decrease
in B(M1) strength with spin was predicted. In this in-
terpretation, the angular momentum vectors of high-j
protons and neutrons form two blades of a pair of shears
that are almost perpendicular to each other at the band-
head. Up the band, energy and angular momentum are
increased by closing the blades of the shears, i.e., by
aligning the proton and neutron angular momenta. Con-
sequently, rotational bands can be formed in spite of the
fact that the shapes of these nuclei stay nearly spheri-
cal. In order to distinguish this kind of rotation from
the usual collective rotation in well-deformed nuclei, the
name “magnetic rotation” [36] was introduced, which al-
ludes to the fact that the magnetic moment is the or-
der parameter inducing a violation of rotational symme-
try and, therefore, causing the presence of rotational-like
structures in the spectrum.

On the experimental side, long cascades of magnetic
dipole transitions were first observed in neutron-deficient
isotopes of Pb [37-39]. Later, lifetime measurements by
Clark et al. [40] for four M1 bands in *%199Pb provided
clear evidence for magnetic rotation. Numerous mag-
netic rotational bands have since been observed not only
in the mass region A ~ 190, but also at A ~ 140, ~ 110,
and ~ 80. More than 130 magnetic dipole bands have
now been identified in these four mass regions [41]. The
presence of magnetic rotational bands in the fp shell,
however, is extremely scarce. To date, only one experi-
mental case has been reported for ONi [42], where four
candidate bands were identified.

On the theoretical side, the tilted-axis-cranking (TAC)
model [35] has been widely used to describe magnetic ro-
tation because, in this framework, it is easy to construct
classical vector diagrams showing the angular momentum
composition. After the first self-consistent TAC solutions
were found [35], the characteristics of the TAC approxi-
mation were discussed and tested with the particle-rotor
model [43]. Because of the high numerical complexity of
the TAC model, most of the applications are based on
simple schematic Hamiltonians, such as the pairing-plus-
quadrupole model [35], while fully self-consistent calcu-
lations based on universal density functionals are rela-
tively rare. Ounly recently, relativistic [44, 45] and non-
relativistic [46, 47] density functionals were used for fully
microscopic investigations of magnetic rotation and chi-



rality.

The covariant density functional theory has received
wide attention during the past two decades due to its
success in describing many nuclear phenomena in sta-
ble as well as exotic nuclei [48, 49]. On the basis of the
same functionals, and without any additional parame-
ters, rotational excitations can be described in practi-
cal applications within the self-consistent, cranked rel-
ativistic mean-field (RMF) framework. The cranked
RMF equations with arbitrary orientation of the rota-
tional axis, i.e., three-dimensional cranking, have been
developed in Ref. [44]. However, due to its numerical
complexity, it has only been applied so far to the in-
vestigation of magnetic rotation in 8*Rb. Focusing on
the magnetic rotational bands, a new computer code for
the self-consistent, two-dimensional cranking RMF the-
ory was established [45], which includes significant im-
provements. Very recently, the TAC model based on rel-
ativistic point-coupling Lagrangians was established and
applied to magnetic rotation in °Ni [50] and 19%199Ph
[51]. Moreover, with the same effective interaction PC-
PK1 [52] for the same Lagrangian, the first microscopic
description of “antimagnetic rotation” has been given for
105Cd [53)].

In the present work, the self-consistent TAC-RMF
model based on a point-coupling interaction has been ap-
plied to investigate magnetic rotational band candidates
in ®®Fe. In other parts of this paper, the experimental
procedures are outlined and a new level scheme is pre-
sented (Sections II and III, respectively). A discussion of
the results is provided in Section IV.

II. EXPERIMENTS

Data were obtained from two independent experiments
using 130-MeV #¥Ca beams on thin *!4C targets (~ 100
pg/cm?) to investigate fusion-evaporation reaction prod-
ucts with the Gammasphere array [54]. The *Ca beam
was delivered by the Argonne Tandem Linear Acceler-
ator System (ATLAS) [55, 56]. Results from the same
experiments are reported elsewhere for 56-0Cr [16, 26],
5T=60Mn [27], and ®%%OFe [29], where further details of the
experimental procedures and data analysis techniques are
also documented.

In the present study, Gammasphere was used in stand-
alone mode to measure ~y-ray coincidences of multiplicity
three and four, or higher, without particle identification,
over time periods of 12 and 19 h for the !314C target
experiments, respectively. These high-fold events were
sorted into v3 coincidence cubes and subsequently ana-
lyzed using standard v-ray coincidence techniques. New
transitions in ®®Fe were identified on the basis of coinci-
dence relationships with known ~+ rays, which are com-
piled in Refs. [57, 58]. Transition intensities were mea-
sured using data from the 3C target experiment, since a
larger number of v rays were identified in that reaction.

The spins and parities of excited states were investi-

gated, where possible, using y-ray angular distributions
[59, 60] and directional correlations of oriented (DCO)
states [61].

Angular distributions were obtained from nine rings of
Gammasphere detectors ranging from ¢ = 90° to 163°,
where § = 0° defines the downstream direction of the
beam line. The detectors at forward angles (6 < 90°)
were omitted due to the presence of strong neutron-
induced peaks in the vy-ray spectra. Raw ~-ray intensities
were corrected for differences in the relative efficiencies
of the detector rings using a standard ?Eu calibration
source. Angular distributions, W (6), were fitted [59, 60]
to

W(0) = Ag[l 4+ azPa(cos @) + asPy(cosh)], (1)

where P, 4(cosf) are Legendre polynomials and ag 4 are
the normalized angular distribution coefficients.

In cases where the transition intensity was too low to
make measurements at each ring angle, three rings near
90° (specifically, 8 = 90°, 99°, and 101°) were summed
together to form one spectrum, and similarly, another
spectrum was obtained for the three rings closest to 180°
(0 = 143°, 148°, and 163°). The ratio of the y-ray inten-
sities (1) from these two spectra, Rigg/90, given by

163°
> I

0=143°
Riso/90 = o> (2)

> I
0=90°

was used to deduce the character of the v ray by assum-
ing that Rygo/99 < 1 for stretched-dipole transitions, and
Rig0/90 > 1 for stretched-quadrupole transitions. Mixed
transitions are exceptions to these general rules, and care
must be taken when proposing spin-parity (J™) assign-
ments in these cases; several situations were encountered
in the present study, which are discussed in more detail
in Section III.

The same two subsets of detector rings were adopted
for the DCO method as those used for Rjgg/90. DCO
ratios, Rpco, were deduced [61] using

0 (Gate?ﬁ )

Rpco = )
I (Gate?! )

(3)

where 191 (Gate,eﬁ) represents the intensity of transition
o in detectors at the angle #; when an energy gate is
set on transition v, at 6, and similarly for Ifj;(Gategi).
Here, the angles 6; and 6 represent either the group
of detectors at ~ 90° or ~ 180°, rather than one dis-
crete value. Typical values deduced in the present study
were Rpco ~ 1.0 and 2 1.6 for stretched-dipole and
stretched-quadrupole transitions, respectively, when the
energy gate was set on a dipole transition. When the
energy gate was placed on a stretched-quadrupole tran-
sition, the respective typical values were Rpco S 0.6 and
~ 1.0 for stretched dipoles and quadrupoles. These lim-
its were used for assignments of AJ = 1 or 2Ah, where
possible.



IIT. LEVEL SCHEME

The °8Fe level scheme deduced in the present study is
given in Figs. 1 and 2, with specific details of the energy
levels and ~-ray transitions listed in Table I.

A previous high-spin study of ®®Fe was reported by
Nathan et al. [62], where excited states were populated
to J ~ 13h at 10 MeV, corresponding to the 10072-keV
level in Fig. 2. The placement of all transitions identified
in Ref. [62], with the exception of the ordering of the 264-
and 1805-keV + rays, are confirmed by the present study.

The most recent data reported for °®Fe prior to
the present work come from a *®Ca(**C,3n) fusion-
evaporation reaction by Appelbe et al., using an ar-
ray of 20 high-purity Ge detectors. However, those re-
sults are only available as a private communication to
Refs. [57, 58], and many tentative transitions are included

in these compilations. Despite the uncertainties, the level
scheme was extended to J ~ 15k at 12.8 MeV by Appelbe
et al. [57, 58], which corresponds to the 12815-keV level
in Fig. 2, and ten other states at lower energy were iden-
tified for the first time. Many, but not all of the new
transitions and energy levels have been confirmed by the
present study.

In the level scheme reported here (see Figs. 1 and 2),
the high-spin structure has been extended further, to J ~
17h at around 16.6 MeV, with the addition of several
non-yrast bands as well. The spin-parity assignments
can be deduced from the as 4 coefficients, Rygg 90 values,
and DCO ratios given in Table I. However, for the sake
of clarity and completeness, the proposed assignments
will be addressed throughout the discussion of the level
scheme. Also, some of the J™ assignments require an
explanation due to the presence of mixed transitions.

TABLE I: Energy levels and ~-ray transitions deduced in the present
work. All energies are given in keV and intensities are normalized to
100. The columns labeled DCO®) and DCOW refer to energy gates set
on the 783-keV, stretched-dipole and 1266-keV, stretched-quadrupole
transitions, respectively. The final two columns are intended to aid the
identification of 7 rays in Figs. 1 and 2; B1-B5 are used as a shorthand
notation for Bands 1-5, respectively.

Elevel JT E, I, a2 as Ris0/90 DCOW DCO@ AJ Figure Placement
810.6(3) 27 810.8(3)  100(5) 0.16(1) -0.06(1) 1.18(1) 1.47(1) 0.90(1) 2 1 GSB
1674.7(3) 2+ 864.1(2)  >5.7(3) 0 1 yVB—CGSB
1674.4(5) >4.6(3) 2 1 yVB—GSB
2076.7(3) 4t 1265.9(3)  75(3)  0.31(1) -0.13(1) 1.41(2) 1.71(1) 2 1 GSB
2133.9(3) 3t 459.0(3)  4.0(1) -0.33(1) 0.68(2) 1 1 YVB
1323.4(3)  13.5(4) -0.19(2) 0.04(2)  0.86(2) 1 1 yVB—CGSB
2600.5(3) 4t 466.3(3)  3.8(1) -0.43(2) 0.60(2) 1 1 YVB
523.7(3)  13.2(4) 0.20(1) -0.09(1) 1.26(2) 1.02(2) 0 1 yVB—GSB
925.9(3)  6.3(2) 0.31(4)* -0.20(7)° 2 1 YVB
1790.0(5) 14.1(4) 0.26(4) -0.23(6) 1.44(17) 2 1 yVB—GSB
3449.9(4) 5T 849.1(4)  3.4(1) -0.56(7)° 1 1 YVB
1316.1(3)  4.5(1)  0.35(3) -0.09(4) 1.61(8) 2 1 YVB
3597.3(4) 6" 147.5(10)  0.035(2) 1 1 CGSB—+VB
1520.8(4) 39.4(12) 0.30(1) -0.09(1) 1.44(2) 1.70(3) 1.02(1) 2 1 GSB
3886.8(4) 6" 289.4(5)  11.0(3) 0.34(1) -0.07(1) 1.46(1) 1.80(2) 1.07(1) 0 1 K=6—GSB
436.8(4)  0.23(1) 0.72(12) 0.74(15) 1 1 K=6—+VB
1286.2(3)  2.2(1)  0.47(4) -0.24(6) 1.56(25) 2.16(25) 2 1 K=6—+7VB
1810.1(6)  31.2(9) 0.32(1)* -0.13(2)* 1.48(5) 1.73(2) 1.04(1)* 2 1 K=6—GSB
4215.0(4) 5 764.6(6)  0.43(1) 0.91(6)" 0.74(4)" 0 2 B2—+VB
1614.6(4)  10.3(3) -0.17(3)° 1 2 B2—+VB
2138.1(10)  3.0(1) 1 2 B2—GSB
4405.5(4) 6" 518.5(4)  0.68(2) 0 1 YVB—K=6
955.8(3)  1.16(4) 0.91(7)** 1 1 YVB
1805.3(6)  4.3(1) 0.32(1)* -0.13(2)* 1.48(5)* 1.04(1)* 2 1 YVB
2330.0(17)  2.4(1) 2 1 yVB—GSB
4669.9(4) 7 264.4(6)  2.5(1) -0.19(1) -0.09(1) 0.78(2) 0.58(2) 1 2 B2—4VB
454.6(4)  6.8(2) 0.39(3) -0.04(4) 1.62(13) 1.17(8) 2 2 B2
783.0(3)  21.8(7) -0.20(1) -0.02(1) 0.81(2) 0.58(1) 1 2 B2—K=6
1072.6(3)  12.1(4) 0.58(1) 1 2 B2—-GSB
5086.7(4) 6 416.5(4)  0.10(1) 1 2 B3—B2
871.7(3)  0.72(2) 1 2 B3—B2
1637.2(5)  2.4(1) 1 2 B3—+VB
5344.3(4) Cha 1457.2(4)  10.7(3)  0.29(1) -0.08(2)  1.45(3) 1.05(3) 2 1 Bl1—K=6
1747.1(5)  3.7(1)  0.15(7)% -0.12(8)% 1.30(23)8 1.10(6)% 2 1 B1—+GSB




TABLE 1. (Continued.)

Elevel JT E, I, a2 as Ris0/90 DCO@ DCO™@ AJ Figure Placement
5503.5(4) 8t 1906.9(8)  8.8(3) 0.35(1)F -0.16(1)* 1.55(1)* 1.10(4)* 2 1 GSB
5832.7(4) 9 329.0(4)  0.079(4) 1 2 B2—GSB
1162.8(3)  29.5(9) 0.27(1) -0.20(1) 1.48(2) 1.88(2) 1.10(1) 2 2 B2
5833.2(5) (7)  1947.4(13) 0.48(2) (1) 2 B5—K=6
2235.9(9)  2.7(1) (1) 2 B5—GSB
6033.8(4) 8 201.3(8)  0.062(3) 1 2 B3—B2
947.1(3)  1.9(1) 0.39(4)" 2 2 B3
1363.9(3)  5.0(2) 0.69(3) 0.12(4) 2.08(19) 2.41(12) 1.49(6) 1 2 B3—B2
6105.7(5) 8+ 601.7(4)  0.78(3) 0 1 K=6—GSB
2220.3(13)  1.22(4) 2 1 K=6 band
2508.7(14)  1.7(1) 1.17(15) 2 1 K=6—GSB
6283.7(4) 9(+) 780.7(5)  0.84(3) 1 1 B1-GSB
939.2(3)  8.8(3) 0.74(3) 1 1 Bl
7169.7(5) (9) 1063.3(7)  0.58(2) (1) 2 B5—K=6
1136.0(6)  0.16(1) (1) 2 B5—B3
1336.5(4)  1.34(4) (2) 2 B5
1336.8(6)  1.10(3) (0) 2 B5—B2
1666.2(6)  1.9(1) (1) 2 B5—GSB
7243.4(5) 1009 959.8(3)  4.6(1) 0.91(7)* 0.71(7) 1 1 Bl
1739.8(7)  0.77(3) 2 1 B1—-GSB
7251.6(5) 9 1145.8(3)  0.40(2) 1 1 Into K=6
1748.3(10)  0.71(3) 0.15(7)% -0.12(8)% 1.30(23)8 1.10(6)% 1 1 Into GSB
7457.0(5) 10 1423.1(3)  4.8(2) 2 2 B3
1624.3(5)  3.1(1)  0.31(6)" 1.59(9) 1 2 B3—B2
7524.2(7) (8)  2021.7(9)% 0.17(1) (0) 2 MRB2—GSB
3926(7)  0.33(2) (2) 2 MRB2—GSB
7657.8(8) (8) 2088(4)  0.27(2) (1) 2 MRB1—B2
7730.8(5) 11 1897.7(6)  16.1(5) 0.35(1)* -0.16(1)* 1.55(1)% 1.94(3) 1.10(4)* 2 2 B2
7915.7(5) (9) 392.1(7)  0.018(2) (1) 2 MRB2
1632.0(6)  1.37(4) (0) 2 MRB2—B1
2082.7(15)Y  0.23(1) (0) 2 MRB2—B2
2571.2(15)  0.22(1) (1) 2 MRB2—B1
7942.0(5) 10" 690.5(5)  0.19(1) 1 1 Out of GSB
1836.3(10)  0.20(1) 2 1 GSB—K=6
2439.9(12)  1.5(1) 1.21(15) 2 1 GSB
7965.3(6)  (10,11) 2133.0(11) 0.94(3) (1,2) 2 Into B2
8041.9(5) 9) 384.1(7)  0.037(2) (1) 2 MRB1
2007.5(8)  0.64(2) (1) 2 MRB1—B3
2208.6(8)  2.0(1) 1.70(26) (0) 2 MRB1—B2
2538.8(23)  0.38(1) (1) 2 MRB1—-GSB
8171.9(5)  (9,10)  230.6(6)Y 0.015(2) (1,00 2 Into GSB
1001.5(9)  0.35(1) 0,1) 2 Into B5
1887.5(19)%  0.38(1) 0,1) 2 Into B1
2338.1(15)  0.84(3) 0,1) 2 Into B2
2667.3(18)  0.41(2) (1,2) 2 Into GSB
8424.1(7)  (10%) 1171.6(12) 0.20(1) (1) 2 Out of B4
2321(3)  0.23(1) (2) 2 B4—K=6
2592.2(18)  0.57(2) (1) 2 B4—B2
2920.4(23) 0.73(3) (2) 2 B4—GSB
8428.9(5) (10)  513.3(4)  0.81(3) (1) 2 MRB2
697.9(4)  0.084(4) (1) 2 MRB2—B2
1185.1(11)  0.14(1) (0) 2 MRB2—B1
2145.0(9)  0.80(3) (1) 2 MRB2—B1
2596.6(13)  0.56(2) (1) 2 MRB2—B2
8520.6(9)  (107) 2688.7(19) 0.50(2) (1) 2 Into B2
3019.3(22)  0.51(2) (2) 2 Into GSB
8540.2(5) (10)  368.4(4)  0.25(1) (1,00 2 Out of MRB1
498.1(4)  1.5(1) 0.80(7) 0.61(5) (1) 2 MRB1
1083.1(6)  0.37(1) (0) 2 MRB1—B3
2256.6(9)  0.81(3) (1) 2 MRB1—B1
2707.5(14)  1.34(4) 0.92(12) (1) 2 MRB1—B2




TABLE 1. (Continued.)

Elevel JT E, I, a2 as Ris0/90 DCO@ DCO™@ AJ Figure Placement

8747.9(14)  (107) 1496.5(13) 0.26(1) (1) 1 Out of K=6
2640(4)T  0.15(1) (2) 1 K=6 band
8888.9(6)  (11F)  1645.5(6)  1.6(1) (1) 1 Bl
2605.8(23)  0.12(1) (2) 1 Bl
8928.8(5) (11)  388.6(5)% 0.005(3) (1) 2 B5—MRB1
985.9(9)  0.15(1) (1) 2 B5—GSB
1198.0(4)  0.42(2) (0) 2 B5—B2
1759.2(5)  2.1(1) 1.19(24) (2) 2 B5
3100(3)7  0.72(3) (2) 2 B5—B2
9163.6(5) (11)  623.3(3)  2.4(1) (1) 2 MRB1
1198.5(6)  0.23(1) (1,00 2 Out of MRB1
1432.4(11)  0.30(1) (0) 2 MRB1—B2
1706.3(19)  0.26(1) (1) 2 MRB1—B3
1920.7(9)  0.34(1) (1) 2 MRB1-B1
1993.5(14)  0.49(2) (2) 2 MRB1—B5
9174.6(5) (11)  745.6(4)  1.43(4) (1) 2 MRB2
1931.5(8)  0.39(1) (1) 2 MRB2—B1
3346.9(23)  0.29(1) (2) 2 MRB2—B2
9444.6(7) 12 1714.1(10)  0.55(2) 1 2 B3—B2
1987.5(7)  3.5(1)  0.40(2) -0.28(3) 1.64(9) 1.95(12) 1.06(5) 2 2 B3
9697.5(9) (11)  1754.4(21) 0.05(1) (1) 1 Into GSB
2453.3(12)  0.54(2) (1) 1 Into B1
9924.7(5) (12)  749.9(7)  0.034(2) (1) 2 MRB1—MRB2
761.2(3)  1.8(1) 0.91(6)" 0.74(4)" (1) 2 MRB1
1959.4(8)  0.23(1) (2,1) 2 Out of MRB1
2192.6(14)  0.44(1) (1) 2 MRB1—B2
9983.0(6) 12099 1094.1(4)  0.080(4) (1) 2 B4—B1
1462.9(8)  0.35(1) (2) 2 Out of B4
1558.9(6)  0.60(2) (2) 2 B4
2041.0(22)  0.18(1) 2 2 B4—GSB
2252.2(9)  2.2(1) 0.68(6) 1 2 B4—B2
2740.8(15)  0.07(1) 2 2 B4—B1
9994(4)7 3709(5)T  0.19(1) 1 Into B1
10063(5) 3780(5)  0.22(1) 1 Into B1
10072.1(6) 13 2341.3(8)  4.3(1)  0.34(3) -0.09(4) 1.56(6) 2.12(9) 1.16(8) 2 2 B2
10089.8(7)  (127)  1200.9(4)  0.58(2) (1) 1 Bl
2846.5(23)  0.15(1) (2) 1 Bl
10095.7(6)  (12)  921.1(4)  0.66(2) (1) 2 Into MRB2
2364.1(14)  0.90(3) (1) 2 Into B2
10130.5(5)  (12)  956.0(4)  0.67(2) (1) 2 MRB2
966.8(3)  0.67(2) (1) 2 MRB2—MRBI
1201.5(9)  0.32(1) (1) 2 MRB2—B5
2165.0(9)7  0.22(1) (2,1) 2 Out of MRB2
10152(3) 2909(3)  0.09(1) 1 Into B1
10352.7(10) 13 2622.5(15) 0.80(3) 2.09(46) 1.21(21) 2 2 Into B2
10685(3) (13) 2954(3)  0.46(2) (2) 2 Into B2
10918.2(14) 3675.5(23)  0.29(1) 1 Into Bl
10952.4(5)  (13)  821.8(4)  0.85(3) (1) 2 MRB1—MRB2
1027.6(3)  1.44(4) (1) 2 MRB1
1511.1(23)  0.40(1) (1) 2 MRB1-B3
3223(4)  0.42(1) (2) 2 MRB1—B2
10994.7(24) 3263.9(24)  0.23(1) 2 Into B2
11051.0(10) (12%)  1353.5(8)  0.06(1) (1) 1 Out of GSB
2161.9(16)  0.09(1) (1) 1 GSB—B1
3110(3)  0.09(1) (2) 1 GSB
11168.7(16) 1470.9(15)  0.08(1) 1
3229(4)T  0.02(1) 1 Into GSB
11209.3(16)  (13)  2280.6(15) 0.44(2) 1.56(13) 1.13(31) (2) 2 B5
11652(6) 1 3710(6)T  0.03(1) 1 Into GSB
11826(5) 3884(4)  0.06(1) 1 Into GSB
11852.7(6)  (14)  900.1(4)  0.33(1) (1) 2 B3—MRB1




TABLE 1. (Continued.)

Elevel JT E, I, a2 as Ris0/90 DCO@ DCO™@ AJ Figure Placement
1780.9(14) 0.38(1) ) 2 B3—B2
2408.4(16)  0.89(3) (2) 2 B3
11878(4) 1884.4(10)7  0.05(5) 1
4636(7)  0.04(1) 1 Into B1
11906.6(8) 14 1833.5(9)  0.26(1) 1 2 B4—B2
1924.2(7)  1.34(4) 1.83(37) 2 2 B4
11915.3(11) 997.4(13)1 0.023(2) 1
2216.7(12)  0.14(1) 1
3028.2(18)Y 0.030(3) 1 Into Bl
12017.0(6)  (14)  1064.6(4)  1.7(1) (1) 2 MRB1
1664.6(10)  0.46(2) (1) 2 Out of MRBI
1944.8(8)  0.31(1) (1) 2 MRB1—B2
12047.4(17) 1694.7(14)  0.20(1) 2
12176.3(7)  (14)  1223.8(8) 0.17(1) (1) 2 Into MRB1
2104.5(8)  0.35(1) (1) 2 Into B2
2731.0(12)  0.20(1) (2) 2 Into B3
12215(5) 2151.3(18)  0.01(1) 1
12346(3) 2194.1(15)7 0.004(4) 1
12470.0(21) 1551.6(17) 0.017(4) 1 Out of Bl
3584(6)  0.032(4) 1 Bl
12532.8(9) 2460.9(9)  0.18(1) 2 Into B2
2549.2(14)T  0.01(1) 2 Into B4
2609(3)  0.06(1) 2 Into MRB1
12814.9(10) 15  2743.7(12) 0.64(2) 1.75(44) 2 2 B2
12829(5) 3940(5)  0.037(4) 1 Into B1
12952.2(15) 1036.9(9)  0.10(1) 1
13032(3) 2042(3)  0.006(3) 1 Bl
13109(3) 3037(3)  0.05(1) 2 Into B2
13173.4(8)  (15)  1156.7(8)  1.03(3) (1) 2 MRB1
1320.4(7)  0.18(1) (1) 2 MRB1—B3
13232.8(22) 2314.6(17) 0.028(4) 1
13612(4) 3523(4)  0.021(3) 1 Into B1
13769(3) (15)  2559.6(21) 0.05(1) (2) 2 B5
13904(3) 3831.9(25) 0.11(1) 2 Into B2
13963(4) 3874(3)  0.012(3) 1 Into B1
14173.1(17) 1220.9(9) 0.017(3) 1
14265.0(10)  (16)  1450.4(8)  0.08(1) (1) 2 B3—B2
2246.6(16)  0.14(1) (2) 2 B3—MRBI
2412.0(13)  0.09(1) (2) 2 B3
14314.5(15) (16%)  2407.9(13) 0.42(2) (2) 2 B4
16281(4) (17) 3466(4)  0.020(4) (2) 2 B2
16484(6) 3669(6)  0.018(4) 2 Into B2
16607(4) 3792(4)T  0.027(4) 2 Into B2

?Coeflicients (a2,4) deduced from < 9 data points
41 58Values for unresolved doublets
TPlacement in level scheme tentative

The ground-state band, Band 1, and other
positive-parity states. The ground-state band (GSB)
in Fig. 1 forms a regular sequence of stretched- E2 transi-
tions from the 07 ground state to J™ = 10T at 7942 keV.
This band has been tentatively extended to J™ = 127 at
11051 keV by assuming that the 3110-keV ~ ray, which
is coincident with the lower members of the GSB, contin-
ues the series of quadrupole transitions at lower energy.
Angular distributions for the 1266- and 1907-keV transi-
tions are presented in Figs. 3(d) and 3(f), respectively, as
examples of typical plots for AJ = 2h ~y rays in the band.
Despite the fact that the 1907-keV peak forms an unre-

solved doublet with the 1898-keV line in Band 2 of com-
parable intensity (discussed later), the summed angular
distribution is characteristic of a stretched-quadrupole
transition. Therefore, both ~ rays are assumed to be
of E2 character here, in agreement with previous stud-
ies [57, 58]. Figure 4(a) provides a spectrum formed by
placing two simultaneous energy gates (hereafter referred
to as double gates) at 1266 and 1521 keV. The spectrum
reveals the quality of the data available in the present
study and provides evidence for the placement of some
of the transitions in the GSB and other parts of the level
scheme.
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FIG. 1: Partial level scheme for *®Fe deduced in the present study. Arrow widths are proportional to v-ray intensities and
tentative transitions are indicated by dashed lines and parentheses. Other parts of the level scheme are presented in Fig. 2.

To the left of the GSB in Fig. 1 is a positive-parity
structure that begins with a 27 state at 1675 keV and
extends in steps of AJ = 1h up to a 67 level at 4406
keV. Some of the levels are also connected by stretched-
FE2 transitions, and the structure displays the character-
istics of a coupled band. It is noted that the level at 4406
keV results from a reordering of the 264- (see Fig. 2) and
1805-keV transitions relative to previous studies [57, 58],
which reported a level at 2865 keV. The identification of
the 519-, 956-, and 2330-keV ~ rays here confirms the
placement of the state at 4406 keV, and the spin-parity
quantum numbers of all the levels in the structure are
given unambiguously. This structure was previously de-
scribed as a y-vibrational band (yVB) in Ref. [63], which
reported J™ = 2%, 3% 4T and 5T states at 1675, 2134,
2600, and 3449 keV, respectively. Thus, this band has
now been extended to include a J™ = 61 candidate state
at 4406 keV, and the previously tentative spin-parity
quantum numbers of the 5T state have been confirmed.

On the right-hand side of the GSB are several other
positive-parity states, including the structure labeled
Band 1 in Fig. 1. The unambiguous assignments of
J™ = 61, 8%, and 8" to the levels at 3887, 5344, and
6106 keV, are the result of the quadrupole nature of
the 1286- and 1810-keV, the 1457- and 1747-keV, and
the 2220- and 2509-keV transitions, respectively. The
Rigp/90 value for the weak 437-keV v ray (see Table I)

is consistent with other stretched-dipole transitions, and
confirms the spin assignment for the level at 3887 keV.
The angular distribution for the 289-keV ~ ray, presented
in Fig. 3(a), appears to be very similar to those for the
stretched-quadrupole transitions. However, the mixing
ratio for the 289-keV line was deduced to be § ~ —0.7,
and, therefore, the + ray is placed in the level scheme as
a AJ = 0 transition of mixed character.

The structure labeled Band 1 consists of states built on
an 87 level at 5344 keV. A double gate on the 939- and
960-keV transitions [see Fig. 4(b)] indicates the higher-
lying v rays in this structure, for example, the peaks at
1201, 1646, and 2847 keV, and the out-of-band decays via
the 1457- and 1747-keV lines. The respective J = 9 and
10Ah assignments to the 6284- and 7243-keV states result
from the dipole character of the 939- and 960-keV -~y rays.
The levels at 8889 and 10090 keV are given tentative spin
assignments of 11 and 12A, respectively, on the assump-
tion that the 1646- and 1201-keV ~ rays continue the
trend of AJ = 1h transitions below, and that the 2606-
and 2847-keV transitions are restricted to AJ < 2h. The
proposed spin assignments appear to be consistent with
yrast feeding in the level scheme, given the intensity that
the levels in Band 1 attract relative to others at similar
energies in Bands 2 and 3, which are discussed later.

It is also noted that due to the presence of the in-
band quadrupole transitions and the 1740-keV, AJ = 2h
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FIG. 3: (Color online) Angular distributions for the (a) 289-, (b) 466-, (c) 783-, (d) 1266-, (e) 1364-, and (f) summed intensity
of the 1898/1907-keV transitions, which depopulate the levels at 3887, 2601, 4670, 2077, 6034, and 7731/5504 keV, respectively.
The deduced spin change, AJ, and measured mixing ratio (where applicable), d, of the y-ray transition are indicated at the

bottom of each panel.

out-of-band transition that populates the 8 state of the
GSB at 5504 keV, a common parity is likely for Band 1.
Therefore, the respective J = 9 — 127 levels from 6284
to 10090 keV have been tentatively assigned a positive
parity based on the unambiguous spin-parity assignment
of the 5344-keV state.

On the far right of the level scheme in Fig. 1 are nu-
merous levels from which relatively weak transitions de-
populate and feed Band 1 and the GSB. Several of these
peaks are present in Fig. 4(b), such as the 2217-, 2453
and 3676-keV lines, which are some of the most intense
transitions in that part of the level scheme. Due to the
observed feeding patterns of these states, i.e., the fact
that they feed only into either the GSB or Band 1, these
levels are candidates for non-yrast, positive-parity states.

The states discussed above have been investigated
using the spherical shell model with several different
effective interactions in the fp model space. The results
are discussed in Section IV.

Bands 2 and 3. In previous studies, Band 2 was
populated to J = 15% at 12.8 MeV [57, 58]. The present
study confirms the placement of the 455-, 1163-, 1898-,
2341-, and 2744-keV ~ rays, and extends the sequence
via the 3466-keV transition (see Fig. 2). The in-band
v rays are indicated by Fig. 4(c), which displays a dou-
ble energy gate on the 1163- and 1898-keV lines. The
264-, 783-, and 1073-keV transitions, which depopulate
the level at 4670 keV in Fig. 2, were deduced here to
be stretched AJ = 1h transitions and, therefore, the
4670-keV state is assigned J = Th. Similarly, the dipole
character of the 1615-keV transition fixes the spin of the
4215-keV level as J = 5h. The quadrupole nature of the
455-keV « ray confirms the spin difference of 2i between
these two states, and the J™ assignments are in agree-
ment with previous values [57, 58]. However, since the
electric or magnetic character of the AJ = 17/ transitions

that depopulate Band 2 could not be deduced, the par-
ity of the 4215- and 4670-keV levels cannot be given as
a result. Previous studies on this matter are somewhat
ambiguous: while the 4215-keV state was originally as-
signed negative parity from the 5®Fe(p,p’) reaction [64],
the most recent compilation by Nesaraja et al. [57] ten-
tatively assigns positive parity to the 4215- and 4670-
keV levels from the fusion-evaporation study of Appelbe
et al. [57, 58] and the results of 5°Mn(a,p) reactions
[63, 65]. Tt is worthwhile noting that the non-observation
of AJ = 2h transitions from Band 2 may suggest that
a change of parity occurs, since the transition rates of
the out-of-band quadrupole v rays appear to be strongly
hindered. This could, therefore, be an indication that
relatively slow M2 transitions compete with faster E'1
decays. In fact, similar decay characteristics have been
observed, for example, in *>°7Cr [2, 26], where quasirota-
tional positive-parity bands were observed to decay only
via F1 transitions to lower-lying negative-parity states.
In contrast, however, the corresponding positive-parity
band in °?Cr decays via an M2 transition due to the fact
that no E1 branch is available, and the 9/27 bandhead
state is isomeric in this specific case [15].

Before the remainder of the discussion, it is important
to realize that there are in fact two levels in Fig. 2 with
an energy of 5833 keV: one in Band 2, and another in
Band 5, which is discussed later.

The series of four v rays above the level at 4670 keV, up
to and including the 12815-keV state, were all assigned a
stretched-quadrupole character, which fixes the levels at
5833, 7731, 10072, and 12815 keV in Band 2 with J =9,
11, 13, and 15h, respectively. These values are in agree-
ment with the assignments in Refs. [57, 58], although
the spin for the 12815-keV state was only tentatively as-
signed in those compilations. The 3466-keV ~ ray, which
is placed at the top of Band 2 in the present study, is
assumed to continue the regular sequence of stretched
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FIG. 4: (Color online) *®*Fe-gated coincidence spectra for (a) the GSB, and (b)—(f) Bands 1-5, respectively. Transition energies
are given in keV, and the two numbers to the left of the dashed vertical line indicate the double energy gates. Note that the
scale on the vertical axis changes at 2 MeV in Panels (a)—(f) to more clearly display weak transitions at higher energies. Insets
(g)—(1) indicate the two gated peaks in Panels (a)—(f), respectively, which are marked by filled red circles; the energy gates used
to produce the insets were (g) 1907/2440 keV, (h) 1201/1646 keV, (i) 2341/2744 keV, (j) 1988/2408 keV, (k) 1924/2408 keV,
and (1) 1163/1337 keV. The transition marked with an asterisk (*) in Panel (f) is an unresolved doublet.



quadrupoles to J = 17h at 16281 keV.

Band 3, which begins from the 5087-keV state in Fig. 2,
forms a series of stretched-quadrupole transitions that
is composed of the 947-; 1423-, and 1988-keV ~ rays;
a double gate on the 947- and 1423-keV transitions is
presented in Fig. 4(d), providing evidence for the higher-
energy peaks in the band. The spins of the levels at 5087,
6034, and 7457 keV were investigated by measuring an-
gular distributions and DCO ratios for the 1637-, 1364-,
and 1624-keV transitions. While the 1637-keV line was
found to be characteristic of a stretched-dipole transition
[Rpco = 0.59(4) when the energy gate is placed on the
947-keV quadrupole transition], resulting in a J = 6k
assignment to the level at 5087 keV, the 1364- and 1624-
keV lines were deduced to have significant mixing ratios
(6 ~ —1.0 and ~ 0.4, respectively) and, therefore, are
likely to be folded AJ = 0 or 1A transitions rather than
stretched quadrupoles, which also have positive as co-
efficients (see Table I). The angular distribution of the
1364-keV peak is provided in Fig. 3(e) as an example
of one of the mixed transitions in Band 3. The 1364-
and 1624-keV transitions are proposed to be of AJ = 1A
character here, since the levels at 6034 and 7457 keV are
assigned J = 8 and 107, respectively, from the stretched-
quadrupole nature of the 947- and 1423-keV ~ rays.

Above 7457 keV in Band 3, the level at 9445 keV is
unambiguously assigned J = 12, and the states at 11853
and 14265 keV are assigned tentative spins of 14 and 16h,
respectively, on the assumption that each + ray in the
2408/2412-keV doublet continues the sequence of AJ =
2h transitions that are present at lower energy.

In a similar way to Band 2, the parity of Band 3 could
not be deduced since all of the v rays that depopulate
Band 3 are dipole transitions. It is also noted here
that several crossover transitions are observed between
Bands 2 and 3; i.e., the 1364-, 1624-, 1714-, 1781-, and
1450-keV v rays. This is a characteristic consistent
with a coupled band, and suggests that Bands 2 and 3
may represent favored and unfavored partners, respec-
tively. This point will be examined further in Section I'V.

Band 4. The 9983- and 11907-keV states in Fig. 2
were previously identified in the ¥Ca(**C,3n) fusion-
evaporation reaction by Appelbe et al. [57, 58]. The
present study confirms the placements of the 2252- and
1924-keV transitions, and two new levels have been added
to this band here: the 8424- and 14315-keV states. The
2408-keV transition and the out-of-band decays with
E., > 2MeV are presented in the 1559/1924-keV, double-
gated spectrum of Fig. 4(e). Evidence for the placement
of the 2252-keV line is provided in Fig. 4(c), since this
transition populates the 7731-keV level in Band 2.

The multipolarities of the 2252- and 1924-keV transi-
tions were investigated using a DCO ratio analysis and
were assigned AJ = 1 and 27, respectively. Note that
not all DCO ratios are listed in Table I due to space re-
strictions; however, with an energy gate on the 2252-keV
peak, for example, it was determined that Rpco = 2.5(4)
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for the 1924-keV line, which is consistent with values for
the 1163- and 1898-keV stretched-quadrupole transitions
[Rpco = 1.8(1) and 2.3(2), respectively]. Thus, the lev-
els at 9983 and 11907 keV are assigned J = 12 and 14h,
respectively, which confirms the tentative spin value sug-
gested for the lower-energy state in Refs. [57, 58].

The 1559-keV in-band transition populates the level
at 8424 keV, which decays out of Band 4 via four ~
rays, two of which, the 2321- and 2920-keV lines, feed
the respective J™ = 8T states at 6106 and 5504 keV.
This restricts the spin-parity quantum numbers of the
8424-keV state to J™ = 10T, assuming that the ~ rays
are limited to AJ < 2h. Thus, since the parity of
the lowest state in Band 4 is likely to be positive, the
spins and parities of the higher-lying levels at 9983
and 11907 keV are assigned J™ = 12(f) and 14,
respectively. Furthermore, in a similar way to other
bands already discussed, the highest-lying transition in
the sequence, the 2408-keV line in the case of Band 4,
is assumed to represent the natural extension of the
stretched-quadrupole transitions to higher spin, and,
therefore, the level at 14315 keV is tentatively assigned
JT =167

Band 5. All five states in Band 5 (see Fig. 2) are
reported here for the first time. Figure 4(f) provides ev-
idence for the placement of the new transitions, showing
the results of a double energy gate placed on the 1759-
and 2281-keV in-band transitions.

The spin-parity assignments in Band 5 are less certain
than for other bands. The state at 5833 keV in Band 5
decays via the 1947- and 2236-keV ~ rays to the J™ = 67
states at 3887 (K = 6 band) and 3597 (GSB) keV, respec-
tively. Thus, the spin of the 5833-keV level in Band 5 is
restricted to either J = 6, 7, or 8%, based on the assump-
tion that the «y rays are limited to AJ < 2h. Since fusion-
evaporation reactions preferentially populate states close
to the yrast line, an assignment of J = 6% seems rather
unlikely as the state would lie more than 2.2 MeV above
the yrast 67 state at 3597 keV in the GSB. Furthermore,
an assignment of J = 8h seems unreasonable since the
5833-keV level in Band 5 would then lie closer to the
yrast line than the state at 6034 keV in Band 3, while
attracting much less feeding according to the y-ray inten-
sities. Therefore, given the above discussion, the state at
5833 keV (Band 5) is tentatively assigned J = 7h in
the present work. Similar arguments were used to assign
J =9I to the level at 7170 keV.

The multipolarities of the in-band transitions, the
1337-, 1759-, 2281-, and 2560-keV ~ rays, could not
be investigated due to their relatively low intensities.
However, given the similarity in the general structure
of Band 5 with other quasirotational bands in the level
scheme, the states at 8929, 11209, and 13769 keV have
been assigned tentative values of J = 11, 13, and 15h,
respectively, on the assumption that Band 5 is also a
regular sequence of stretched-quadrupole transitions.
Note that with these spin assignments, Band 5 does



TABLE II: DCO ratios for v rays in MRB 1. The 783-
and 1521-keV peaks are included as reference values in the
final two columns for stretched-dipole (d) and stretched-
quadrupole (q) transitions, respectively.

E., gate Transition energy (keV)
(keV) 498 623 761 2708 7831 1521(%)

498 ~ 1.00(4) 1.00(7) -  0.96(5) 1.83(8)
623 0.97(5) -  1.05(4) 1.10(12) 0.88(3) 1.74(4)
761 1.09(11) 0.93(4) —  1.03(18) 0.88(3) 1.76(6)

not reach the yrast line, in agreement with the relative
intensities of the four in-band transitions.

MRB 1 and MRB 2. All levels and « rays in the
bands labeled MRB 1 and MRB 2 in Fig. 2 are reported
here for the first time. Evidence for the transitions and
their placements in the level scheme is proposed in Fig. 5,
which displays various double-gated energy spectra. In
Fig. 5(a), gates are applied on the 623- and 761-keV
transitions in MRB 1, indicating their coincidence re-
lationships with the 498-, 1028-, 1065-, and 1157-keV in-
band peaks, and several out-of-band transitions at 368,
2008, 2209, 2257, and 2708 keV, which connect MRB 1
to other parts of the level scheme. The 1065- and 1157-
keV lines form unresolved doublets with the relatively
intense 1073- and 1163-keV transitions that depopulate
the respective 4670- and 5833-keV levels in Band 2, and
it is noted that an increase in the widths of these unre-
solved lines is observed relative to the other peaks in the
spectra. Figure 5(b) provides a double gate on the 498-
and 2209-keV transitions, which presents several peaks
absent in Fig. 5(a), for example, the lines at 623, 761,
and 967 keV. Finally, in Fig. 5(c), the double gate on
the 746- and 956-keV transitions in MRB 2 displays the
other strong in-band line at 513 keV, and numerous out-
of-band decays such as the peaks at 1632, 2145, and 2597
keV. Furthermore, Fig. 5(c) indicates that MRB 1 and
MRB 2 are connected via the 822-keV transition, which
can be more clearly seen in the expanded spectrum of
Fig. 5(e).

The spins of the states in these bands were investigated
using DCO ratios, which are provided in Table II. Al-
though the DCO values measured using a 623-keV gate
have been included in the table, they must be treated
with caution since ™Ge(n,n’) peaks, which are present
at ~ 600 keV [66], contaminated the energy gate in this
specific case.

The DCO ratio for the 2708-keV ~ ray, which depopu-
lates the level at 8540 keV in MRB 1 and feeds the J = 9A
state at 5833 keV in Band 2, is consistent with those ex-
pected for a stretched-dipole transition (Rpco ~ 1.0),
and the 8540-keV state has been assigned J = 10h. How-
ever, since the uncertainties of the DCO ratios are rela-
tively large, the spin is only given as a tentative assign-
ment. Furthermore, energy gates at 498, 623, and 761
keV result in Rpco ~ 1.0 for the 623/761-,498/761-, and
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498/623-keV peaks, respectively, indicating that these
three v rays are all characteristic of stretched-dipole tran-
sitions (see Table II for details). Thus, the levels at 8042,
9164, and, 9925 keV, have been assigned J =9, 11, and
12h, respectively.

The J = 9h assignment to the 8042-keV level in MRB 1
indicates that the 2209-keV transition is of AJ = 0 char-
acter. DCO ratios from gates on the 498-, 623-, and
761-keV lines are Rpco = 1.9(2), 1.3(2), and 1.5(4), re-
spectively: since these are all consistent with typical val-
ues for stretched-quadrupole transitions, it is suggested
that the 2209-keV ~ ray is a mixed AJ = 0 transition
with a significant quadrupole component.

Deducing DCO ratios for the higher-lying transitions,
the 1028-, 1065-, and 1157-keV lines, was difficult due to
the 27Al(n,n’) peak at 1014 keV [66], relatively low y-ray
intensities, and contamination from the unresolved tran-
sitions at 1073 and 1163 keV. The tentative J = 13 —15h
assignments in MRB 1 are proposed by assuming that the
three 7 rays at the top of the band continue the trend of
AJ = 1h transitions observed at lower energy, and that
the out-of-band ~ rays that depopulate MRB 1 are lim-
ited to AJ < 2Ah. The tentative J = 8h assignment to the
state at 7658 keV was deduced using similar arguments.

Spin-parity assignments for the levels of MRB 2 were
also rather difficult. DCO ratios extracted from an en-
ergy gate at 746 keV are Rpco = 0.84(9), 1.05(12), and
0.89(14), for the 822-, 956-, and 2145-keV ~ rays, respec-
tively, which suggests a common multipolarity for these
transitions. Based on the general similarity between the
structures of MRB 1 and MRB 2, i.e., both exhibit reg-
ular sequences of relatively low-energy «-ray transitions
with comparable intensities between the bands, it is as-
sumed that MRB 2 is also characterized by a series of
stretched-dipole transitions, which in turn suggests that
the 2145-keV ~ ray that populates the J = 9h state at
6284 keV in Band 1 also has a AJ = 1h character. As a
result, the levels at 8429, 9175, and 10131 keV are ten-
tatively assigned J = 10, 11, and 12h, respectively.

A DCO ratio for the 513-keV ~ ray could not be
obtained due to contamination from eTe™ annihilation,
which becomes “smeared” around 511 keV after correct-
ing the energies of Doppler-shifted peaks in v-ray spec-
tra. Moreover, the relative intensity of the 392-keV line
at the bottom of MRB 2 was too low to measure DCO
ratios. However, by assuming that the 392- and 513-keV
transitions are of the same multipolarity as the other in-
band transitions of MRB 1 and MRB 2, the levels at
7524 and 7916 keV have been tentatively assigned J = 8
and 97, respectively. Furthermore, the 1632-keV tran-
sition, which depopulates the 7916-keV level in MRB 2
and feeds the J = 9h, 6284-keV state in Band 1, has
Rpco = 1.7(3) when the energy gate is placed on the
746-keV line, indicating that it likely is a AJ = 0 tran-
sition of mixed character, similar to the 2209-keV ~ ray
that depopulates MRB 1.

Finally, it is noted that the relative «y-ray intensities in
MRB 1 and MRB 2 appear to be consistent with yrast
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FIG. 5: ®Fe-gated coincidence spectra for MRB 1 and MRB 2. Transition energies are given in keV and the two numbers to
the left of the dashed vertical line indicate the energies of the double gates. Note that the scale on the vertical axis changes
at 2 MeV in Panels (a)—(c) to more clearly display weak transitions at higher energies. Insets (d) and (e) provide a zoomed
region around 800 keV to more clearly identify the 761- and 822-keV transitions in Panels (b) and (c), respectively; the scale
on the vertical axis is unchanged. The low-energy transition marked with an asterisk (*) is a contaminant from 57Fe.

feeding given the spin assignments proposed above, and
that the AJ = 1k crossover transitions, the 750-, 822-,
and 967-keV ~ rays, occur between J = 11 — 13h, the
point at which MRB 1 crosses MRB 2 and, accordingly,
moves closer to the yrast line.

IV. DISCUSSION

A. The ground-state band, Band 1, and other
positive-parity states

The candidate positive-parity states are compared to
predictions of the GXPF1A [12], KB3G [13], and FPD6
[14] effective interactions in Fig. 6. The calculations were
performed using the codes NuShellX [67] and MSHELL64
[68]. All three interactions were applied in the fp-shell
model space with a °Ca core and t = 6 truncation, which
defines the allowed configuration f;‘/;trm+t7 where r rep-
resents the proton and neutron orbitals f5/5, ps3/2, and
P12, 1 is the maximum number of nucleons allowed in
the f7/, orbital, and m is the minimum number of nu-
cleons allowed in the r subset of orbitals; these numbers
are n = 14 and m = 4 in the case of *®Fe. Thus, t
is the maximum number of nucleons excited from f7 /o

to r, i.e., across the Z and N = 28 shell closures. This
truncation was introduced to make the calculations more
tractable. However, it is noted that at intermediate to
high spin, where it was easier to perform the full calcula-
tions, the effect of the truncation is not significant (< 10
keV change in level energy).

It is clear that, at relatively low energy (< 3 MeV),
all three Hamiltonians reproduce the experimental data
rather well. However, the predictions of the FPDG6 in-
teraction, presented in Fig. 6(d), start to deviate quite
substantially from the experimental results, even at rel-
atively low spin. For example, the yrast 57 and sec-
ond 41 states lie 504 and 420 keV, respectively, above
their experimental counterparts, while, in contrast, the
GXPF1A and KB3G Hamiltonians continue to reproduce
the experimental energies successfully up to, and includ-
ing, J = 8h. The KB3G interaction then begins to devi-
ate from the experimental values at J = 9h.

To quantify the discrepancies, the root-mean-square
(rms) deviation between experimental and calculated
states, Ams, was used, which is defined as

L (e -E), @
i=1

Arms =



where Egip and Eéll\)/l represent the energy of the i-th
experimental and shell-model levels, respectively, and
N is the total number of states included in the calcu-
lation. For the nine experimental levels below 5 MeV
(not including the ground state) in Fig. 1, which lie in
the spin range J = 2 — 6/, the rms deviation between
the corresponding experimental and calculated levels for
the GXPF1A and KB3G Hamiltonians are very similar
(Apms = 57 and 55 keV, respectively). However, when
all experimental excited states below 8 MeV in Fig. 1 are
included, the rms deviation increases rather significantly
in the case of the KB3G interaction (Ay,s = 201 keV),
whereas the value for GXPF1A effectively remains the
same (Apys = 58 keV). The J™ = 8%, 97 and 107 states
predicted by the FPD6 Hamiltonian deviate even further
from the experimental values. For example, the yrast
state for each of these spins lies 436, 592, and 536 keV
above its experimental counterpart, respectively, and the
rms deviation for all positive-parity experimental states
below 8 MeV is 531 keV.

For J™ > 10", the differences between the three
shell-model interactions become clearer. The energies
of the yrast states highlight this point well, since the
J™ =107 — 15 states of the FPD6 Hamiltonian lie 482,
326, 431, 1091, 309, and 693 keV, respectively, above the
GXPF1A predictions, while the same levels of the KB3G
interaction lie 406, 548, 522, 260, 540, and 638 keV, re-
spectively, below the GXPF1A values. Above 8 MeV,
however, the comparison between the experimental lev-
els and the predictions of the shell-model interactions
becomes rather difficult since no firm spin-parity assign-
ments are available [see Fig. 6(a)].

It is noted that the J™ = 11" and 127 levels at 8889
and 10090 keV in Band 1, which were assigned tentative
spin values on the assumption that there is a continuation
in the sequence of AJ = 1h transitions to higher spin, are
reproduced rather well by the GXPF1A interaction (they
lie 142 and 87 keV from their experimental counterparts,
respectively), giving some support to these assignments.

The calculations with all three Hamiltonians for the
J™ = 07 — 10" states in the GSB are dominated by
the 7([(f7/2) %] @ v[(f7/2)®(p3s2)?(f52)?] configuration
(hereafter labeled Config. A), with contributions in the
range 16% — 28%, 26% — 51%, and 15% — 32% for the
GXPF1A, KB3G, and FPD6 interaction, respectively.

Furthermore, the GXPF1A and KB3G interactions
predict that the states in Band 1, which crosses
the GSB at around J = 8h, are dominated by
the 7[(f7/2) %] ® v[(fr/2)%(p3/2)*(f5/2)!] configuration
(Config. B), at levels of approximately 30% — 40% up to
the J™ = 10T state at 7243 keV. Here, the maximum
spin available from Config. B is exhausted. At higher
spins in Band 1, for example, for the yrast J* = 117
and 127 states, Config. A dominates with contributions
as high as 50% or more at J = 12h. However, since the
maximum spin that can be achieved from Config. A is
12h, the higher-lying states are likely to be dominated
by additional contributions from other configurations.
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It is also noted that the non-observation of the 7243 —
5344-keV « ray in Band 1 of Fig. 1 is best reproduced by
the KB3G interaction, which predicts a B(E2;107 —
81) reduced transition rate that is a factor ~ 0.1 of
B(E2;10]7 — 85). In contrast, the GXPF1A and FPD6
Hamiltonians predict that the feeding to the yrast 8%
state is the larger of the two branches, by factors ~ 2.2
and ~ 4.8, respectively, indicating that both of these in-
teractions are inconsistent with the experimental result
in this specific instance.

Moreover, the decay pattern from the yrast 8 level
(the experimental level at 5344 keV in Band 1) highlights
further inconsistencies between the different shell-model
results and experimental values. On the one hand, the
KB3G Hamiltonian predicts a stronger feeding to the 65
state relative to the yrast 67 level, but the ratio of the
predicted strengths (~ 70) is much larger than observed
in the experimental level scheme (~ 3). The KB3G inter-
action also predicts a decay branch to the 6; state that
is comparable to that to the 6; level, but such a transi-
tion was not observed in the experimental data (with an
experimental limit I, < 0.01).

On the other hand, the GXPF1A Hamiltonian predicts
a very small decay branch to the 6;’ state, which better
suits the experimental non-observation, but suggests that
the feeding into the yrast 6 state is ~ 2.6 times larger
than that to the 63 state, which disagrees with the ex-
perimental results, but in a different manner than the
case for KB3G. The general decay pattern predicted by
the FPDG6 interaction is similar to that of the GXPF1A
Hamiltonian in this instance, although the discrepancy
with the experimental results is more extreme.

The results of the present study generally suggest that
the GXPF1A interaction is the more successful of the
three shell-model Hamiltonians tested, at least over the
subset of states reported here. Nevertheless, discrepan-
cies in all three shell-model interactions with the experi-
mental data are clear from the predicted transition rates.
Furthermore, firm spin-parity assignments to the levels
at higher energy (8 MeV and above) are required be-
fore any statement can be made about the ability of the
three Hamiltonians to reproduce the high-spin states in
%8Fe. Several previous studies [16, 26, 27, 29] have in-
dicated that the influence of the vgg/, intruder orbital
becomes important, particularly at high spin, which ef-
fectively causes a compression of the experimental states
relative to shell-model predictions that are restricted to
the fp model space. This highlights the need to expand
the calculations to a larger model space, even for nuclei
at stability; some recent progress has been made, see for
example, Refs. [20, 23, 24, 69].

Subtle structural changes and differences between ro-
tational bands can be emphasized by using the rota-
tional frequencies of the bands, which involve a deriva-
tive of the level energy with respect to the angular mo-
mentum [43]. In Fig. 7(a), the experimental rotational
frequency (hwexp) is plotted as a function of aligned
angular momentum (J,) for the GSB. It is interesting
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FIG. 6: (Color online) Candidate positive-parity experimental energy levels [Column (a)] compared to predictions of various
effective interactions in the fp model space. Only the first three states for each spin are presented for the calculations; levels
with J™ = 0" or 17, with the exception of the ground state, have been omitted from Columns (b), (c), and (d) to aid clarity
in the figure. The thick colored lines for the shell-model predictions represent the corresponding states of the thick lines in
Column (a), and are intended to help guide the eye. Calculated levels in black have no assigned experimental counterparts

here.



to note that the maximum spin-parity available from
the 7[(f7/2) 2] @ v[(p3/2f5/2p1/2)"] configuration is 127,
which matches the highest spin suggested by the experi-
mental level scheme. However, it is evident from the band
diagram in Fig. 7(a) that the distribution of the exper-
imental data points stays relatively linear and does not
deviate or bend significantly at the expected termination
point of the GSB configuration.

The projected shell model [22] was also applied in the
present study to investigate the GSB. As discussed in
detail in Ref. [23], the theory is based on the deformed
Nilsson model [70], where respective quadrupole and hex-
adecapole deformation parameters of es = 0.230 and
€4 = 0.027 were adopted for the *Fe calculations. The
experimental data are plotted with the 0-quasiparticle
(ap), K = 0 band, i.e., the prediction of the unmixed
ground-state band by the PSM, in Fig. 7(b), which is
reproduced here from Ref. [23] to aid the following dis-
cussion. While the general trend of the data points is
reproduced well, the theory appears to deviate from ex-
periment at higher spin. However, it is stressed that the
PSM band displayed in Fig. 7(b), and also for those in
Figs. 7(c) and 7(d) that will be discussed later, represents
results for pure angular-momentum-projected qp config-
urations, before configuration mixing is performed, and
such deviations from the experimental data are, there-
fore, not too surprising. Despite this, the unmixed bands
are still capable of reproducing the general trends of the
experimental bands, and such qualitative comparisons
are the main intention of the present study, rather than
a detailed quantitative test. In fact, the yrast states pre-
sented in Ref. [23], which were obtained after performing
configuration mixing of the most important qp configu-
rations, should be used for that specific purpose.

It is also worthwhile noting that, since only one set
of deformation parameters was used for constructing the
PSM model basis, which were chosen to optimize the
study of high-spin quasirotational bands based on vgg /o
configurations, one might naively expect discrepancies
with the experimental GSB, which was described using
only fp-shell configurations. Indeed, the predictions of
total-Routhian-surface (TRS) calculations for **Fe [29]
indicate that neutron excitations involving the vgg,y or-
bital can change the magnitude of the prolate and tri-
axial deformation parameters, and, therefore, one might
expect similar changes to occur for °®Fe as well. In fact,
previous PSM and TRS calculations have already high-
lighted this point for 55Cr [31].

B. The K™ = 61 band

In Ref. [23], the J™ = 6T level at 3887 keV was in-
terpreted as the bandhead state of a K™ = 6T, 2-qp
proton configuration involving the Q@ = 5/2 and 7/2 Nils-
son states of 7 f7 /5 spherical parentage. Since the proton
Fermi surface lies between these two deformed states, the
K = 6 band appears at relatively low energy (see Fig. 1
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in Ref. [23] for details), and, therefore, can be accessed
experimentally in reactions such as those reported here.

Since the higher-spin states of the K = 6 band are
predicted to rise rather rapidly according to the band di-
agram in Fig. 5 of Ref. [23], only the theoretical J™ = 6T
and 8% members of the band were discussed previously,
as those were considered to be the most likely to be ob-
served experimentally.

The experimental J™ = 8% level at 6106 keV, which
feeds the 3887-keV level via the 2220-keV, AJ = 2h tran-
sition, is one possible candidate for the J = 8% member
of the K = 6 band. Furthermore, the J™ = 10" state at
8748 keV may represent the continuation of this band to
higher spin, although the 2640-keV ~ ray is only placed
as a tentative transition in the level scheme of Fig. 1.
These three experimental levels are plotted against the
prediction of the PSM in Fig. 8. In a similar way to the
calculated values previously discussed for Fig. 7(b), the
energy levels of the unmixed 7 2-qp, K = 6 configura-
tion are presented. In this specific instance, however, it
is worthwhile noting that the K = 6 band does not mix
significantly with the other configurations investigated in
Ref. [23].

The energy of the lowest member of the band, the
JT = 6; experimental state, is reproduced rather well by
the PSM. Despite the fact that the higher-lying states are
predicted at slightly higher energies than the experimen-
tal values, the general trend of the experimental states
is reproduced in a satisfactory manner. In particular,
the approximate linearity of the points is accounted for.
The 3887-, 6106-, and 8748-keV states are, therefore, sug-
gested to be experimental counterparts of the K™ = 6+
band. As mentioned by the authors of Ref. [23], mea-
surements of experimental g-factors would provide one
means to clarify the true nature of these states.

C. Bands 2 and 3

The quasirotational bands built above the respective
J = 5 and 6h levels at 4215 and 5087 keV were also
investigated with the PSM. Band 2 was studied in a sim-
ilar way in Ref. [23], but the extension of Bands 2 and
3 here allows for a more extensive test of the predictions
at higher spin.

In Fig. 7(a), hwexp versus J, is displayed for the ex-
perimental data of these two bands. It is interesting to
note the similarity in the general trend of the plots be-
tween Band 2 and the GSB, and the fact that each of the
seven states in Band 2 has 5/ units of angular momentum
more than the corresponding level in the GSB. This band
could, therefore, be naively interpreted as the coupling of
the GSB to a higher-lying single-particle configuration.

In order to investigate the nature of Band 2 further,
predictions of the PSM were used. These calculations
are presented in Fig. 7(c), reproduced from Fig. 8 of
Ref. [23] to aid the following discussion. These represent
calculated levels for the favored and unfavored signature
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partners of a 2-qp, negative-parity configuration with one
neutron gp occupying a low-{) state of the vgg /2 barent
orbital, namely the 2 = 1/2 or 3/2 Nilsson state, and
the other neutron qp occupying the fp shell, namely the
Q2 = 1/2 state of the v f5 5 orbital or the 2 = 3/2 state of
the vpg /o orbital (see Fig. 1 of Ref. [23] for the relevant

Nilsson diagrams).

In both cases, the general trend of the experimental
data points is reproduced well by the PSM, although the
agreement tends to deviate slightly at higher spins, from
around J ~ 12h, in a way similar to the GSB. There
is also a small deviation at J = 6Ah for the unfavored
signature.

Based on the PSM interpretation above, the parity of
Bands 2 and 3 is negative, which supports the simple
argument discussed in Section III regarding the possible
assignment of negative parity to Band 2. However, it is
stressed that further work on the experimental front, for
example, measurements of y-ray polarization coefficients
for the AJ = 1h transitions from the J = 5 and 7h levels
of Band 2, is required to confirm this statement.

It was proposed by Sun et al. [23] that the lowest-
spin states of the 2-qp, negative-parity bands in the Fe
isotopes are either degenerate with the J™ = 57 level
or lie at higher energy. Therefore, these states would lie
rather far from the yrast line, and would not be populated
strongly in fusion-evaporation reactions. This suggests
that the J = 5 and 6h levels at 4215 and 5087 keV are
not bandhead states, and that the K quantum numbers
of the coupled bands may in fact be relatively low (K = 0,
1, or 2), as one might expect from a coupling of the low-{2



Nilsson states discussed above.

In fact, the PSM indicates that the energetically fa-
vored 2-qp, negative-parity band becomes yrast over the
positive-parity states at J ~ 7h, in good agreement with
the experimental level scheme. Furthermore, this band
is expected to cross the GSB around J = 5h, and de-
spite the fact that this is not observed experimentally,
the J™ = 5~ level of Band 2 does lie sufficiently close
to the yrast line to be populated in fusion-evaporation
reactions.

Overall, the PSM provides a satisfactory description
of Bands 2 and 3 as the favored and unfavored signa-
ture partners of the aforementioned 2-qp, negative-parity
band.

D. Band 4

The J = 14 and 164 members of Band 4 lie close in
energy to levels with the same spin in Band 3, and ap-
proach the yrast line, which is governed by Band 2 at
intermediate to high spin, around J = 16h. In contrast,
the two lower-spin members of Band 4, the J™ = 10 and
127 levels at 8424 and 9983 keV, respectively, lie much
further from the yrast line, indicating that the band only
becomes energetically favored at high spin. This point is
emphasized by the drop in intensity of the 1559-keV peak
relative to the line at 1924 keV. As discussed previously
for Bands 2 and 3, the lowest member of the band is not
necessarily the bandhead state, but probably results as
a consequence of band crossings and the yrast feeding of
the fusion-evaporation reaction.

To investigate this point further in this case as well,
the experimental data were compared to PSM predic-
tions, which are presented in Fig. 7(d). The 4-qp, K =0
band reproduces the experimental points rather well, al-
though the value at J = 10% deviates a little from the
experimental value. It is also noted that the theoretical
curve begins to flatten out below J ~ 107, causing these
states to lie relatively far from the yrast line. This feature
provides a plausible explanation for the non-observation
of the J < 8h members of Band 4 in the experimental
level scheme. The PSM also predicts a band crossing
between the 4-qp band and the neutron 2-qp, negative-
parity band near J = 14h, in excellent agreement with
the experimental observation.

According to the PSM, the 4-qp, K = 0 band results
from a coupling of a neutron 2-qp, K = 1 configuration
with positive parity, which mainly involves the Q = 1/2
and 3/2 states from the vgg/, parent orbital, with a pro-
ton 2-qp, K = 1 state that involves the 2 = 5/2 and
7/2 states of the 7 f7/, orbital. In fact, the K = 6 cou-
pling of the latter configuration was the one discussed in
Section IV B.

Finally, it is noted that the parity of the theoreti-
cal 4-qp band discussed here is positive, which supports
the tentative parity assignments proposed in the present
study for Band 4 (see Section III).
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E. Band 5

In the spin range populated in the present work, J ~
7 — 15h, Band 5 does not become yrast. This makes its
interpretation more difficult due to the numerous non-
yrast configurations displayed in Fig. 5 of Ref. [23] that
could, in principle, lie close enough to the yrast line to
have been populated experimentally.

In fact, the empirical data points for the five levels in
Band 5 lie between the theoretical curves for the yrast
states and the 4-qp, K = 0 band, which correspond to
Bands 2 and 4, respectively. This appears to rule out
the possibility of configurations such as the proton and
neutron 2-qp, K = 1 bands in the fp shell (see Fig. 5 in
Ref. [23] for details), and Band 5 may involve configura-
tions that were not investigated in Ref. [23].

F. Corresponding bands in %°Fe

In addition to the results obtained in the present study,
Fig. 7(a) also gives aligned angular momenta plots for
several bands in the even-even neighbor ®*Fe, which was
recently reported by Deacon et al. [29].

There are several striking similarities between the two
isotopes.  Firstly, the sequence of transitions in the
ground-state band up to the 8 level, which corresponds
to the 27, 47, 67, and 8T states at 824, 2114, 3582, and
5549 keV, respectively, in %°Fe (labeled GSB* in Fig. 7),
lie very close to their counterpart levels in *®Fe. The two
additional points that correspond to the extension of the
GSB to J™ = 10T and 127 in the present study appear
to have no obvious counterparts in °Fe, which suggests
that these higher-spin states in GSB* lie further from the
yrast line than they do in *®Fe.

In both isotopes, a discontinuity is observed in the
positive-parity states beyond J = 8h, i.e., beyond the
5344- and 5333-keV levels in °8:59Fe, respectively. One
might, therefore, expect similar configurations to be re-
sponsible for these abrupt changes. However, there are
several distinct differences between the two cases that
must be considered. Firstly, while the GXPF1A Hamil-
tonian reproduces the J™ = 101F state in *Fe very well,
the same level in %°Fe lies ~ 400 keV below the ex-
perimental state, indicating that the structure likely in-
volves orbitals outside of the adopted fp model space
in the case of the N = 34 isotope. The fact that
this structure extends to J ~ 20 in %°Fe supports
this argument, since the maximum spin available from
the 7[(f7/2)7*] ® v[(ps/2fs/2p1/2)°] configuration is 13%.
Furthermore, the absence of the J™ = 107 — 8] y-ray
branch in 8Fe, while a strong transition exists in %°Fe,
also suggests a structural difference between these iso-
topes.

In fact, the extension of the positive-parity sequence
above the J™ = 8] level in %°Fe appears to be the coun-
terpart of Band 4 in the present work, and that part
of the %9Fe positive-parity band is, therefore, labeled



Band 4* hereafter. Figure 7(a) emphasizes the similarity
between these two bands, since the data points corre-
sponding to the J = 10, 12, 14, and 167 levels in Band 4
of ?8Fe lie very close to those with the same spins in
60Fe. In this instance, the number of states in the %°Fe
band is greater and extends to J = 207, the highest spin
populated in the level scheme of Ref. [29].

The two bands shown on the right-hand side of Fig. 5
in Ref. [29], those built on the J™ = 5~ and 6~ states
at 3516 and 3958 keV, respectively, are possible counter-
parts of Bands 2 and 3 in *®Fe. These bands in %“Fe are
labeled Band 2* and Band 3* hereafter. Not only do the
bands begin and end at the same spins in the two iso-
topes, they also span across similar energy ranges: 12.1
and 11.1 MeV for Bands 2 and 2*, and 9.2 and 8.9 MeV
for Bands 3 and 3*, respectively. The two bands in °®Fe
do, however, display systematic shifts to higher energies
relative to %°Fe, which is likely a direct consequence of
the difference in energy of the neutron Fermi surface be-
tween the two isotopes. It is also interesting to note that
the energies of the two transitions at the top of Band 3
in 58Fe are very similar (2408 and 2412 keV), as are the
corresponding transitions of Band 3* in %OFe (2184 and
2112 keV). These features are highlighted by the turnover
in the aligned angular momentum plots for Bands 3 and
3* in Fig. 7(a), although the line for “Fe begins to turn
a little earlier, after the .J = 10A state.

The curve for Band 2* in %°Fe exhibits a rather sharp
turnover at J = 15h, which is a typical characteristic of
band termination. However, this feature is not observed
for Band 2 in ®®Fe. Other differences between Bands 2
and 3 and their counterparts in %°Fe exist, such as the
AJ = 1h crossover transitions between the unfavored
and favored signatures, which are relatively strong in the
case of °®Fe and have been observed up to J = 16A, while
the corresponding 7 rays in ®°Fe are much weaker and are
not seen beyond J = 10hA.

In other parts of the two level schemes, less well de-
veloped structures that may result from similar configu-
rations in the two isotopes are present. One example is
the non-yrast band built on the 6740-keV level in °Fe,
which lies in the range J ~ 9 — 15h. These could be the
corresponding states of those in Band 5 deduced in the
present study, but additional information is required to
make a more firm statement in this instance.

G. Magnetic rotational bands

The bands labeled MRB 1 and MRB 2 (Magnetic Ro-
tational Bands 1 and 2, respectively) in Fig. 2 are can-
didates for so-called shears bands and have been investi-
gated in the framework of the self-consistent TAC-RMF
model. Some aspects of the theory are given below,
although details of similar calculations are provided in
Refs. [45, 50].

In the present work, the new parameter set PC-PK1
[52] was used, while pairing correlations were neglected;
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this issue will be addressed later. The Dirac equation for
the nucleons was solved in a three-dimensional Cartesian
harmonic-oscillator basis [44, 71] with eight major shells.
MRB 1 is assumed to correspond to two aligned proton
holes with the configuration 7[(f7/2) 2] ® v[(r)*(ge/2)"],
where r represents the same shorthand notation used
in Section IV A. This configuration is hereafter labeled
Config. 1. In this interpretation, the respective spins of
the protons and neutrons form the blades of a pair of
shears that closes as cranking increases (alignment of the
angular momentum vectors), which was discussed in Sec-
tion I.

In Fig. 9(a), the calculated energy spectra are com-
pared with the available data for MRB 1. The exper-
imental energies are generally reproduced well by the
TAC-RMF calculation. However, the assigned configu-
ration could not be followed in the calculations up to
the largest observed spin values, since convergent results
could not be obtained at J = 15Ah for Config. 1. By in-
creasing the rotational frequency, it was found that the
7[(fr/2)~*(r)'] ® v[(r)*(g9/2)'] configuration (Config. 2)
competes strongly with Config. 1. In fact, the experi-
mental energy levels at higher spin (J ~ 14 — 15%) are
better reproduced by Config. 2.

Figure 9(b) provides a comparison between the experi-
mental and calculated rotational frequencies as a function
of total angular momentum for MRB 1. It is found that
the calculated values agree well with the data, which sug-
gests that the present TAC-RMF calculations may also
reproduce the moments of inertia well. Around J = 13h,
the observed band crossing corresponds to a change of
configuration. This feature is reproduced by the calcula-
tion with Configs. 1 and 2, and emphasizes the difference
between the configurations that is not clear from the re-
sults presented in Fig. 9(a).

A typical characteristic of magnetic rotation is the
presence of strongly enhanced M1 transitions at low spin
that tend to decrease in strength with increasing angu-
lar momentum. In contrast, in-band E2 transitions are
weak, reflecting the small quadrupole deformation associ-
ated with the configurations involved. In Fig. 10(a), cal-
culated B(M1) rates for Configs. 1 and 2 are displayed as
a function of spin. Here, the B(M1) values are derived
from the relativistic expression of the effective current
operator [45], and as in Refs. [44, 50], they are attenu-
ated by a factor of 0.3. It is found that the predicted
B(M1) values for Config. 1 exhibit a smooth decreasing
tendency, which is characteristic of the shears mecha-
nism. Moreover, the B(M1) values drop suddenly with
the change of configuration from Config. 1 to Config. 2
by more than two orders of magnitude.

In Fig. 10(b), calculated B(E2) values are displayed as
a function of total angular momentum. For Config. 1, the
B(E2) values are very small (< 0.005 e?b?), in contrast
to the large B(M1) values (several u%). Furthermore,
the B(E2) values remain essentially unchanged with in-
creasing angular momentum. However, when the con-
figuration changes to Config. 2, due to the breaking of
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(hw = 0.6 — 1.3 MeV), and 2 ~ 0.25, v ~ 16° — 4° for Config. 2 (Aw = 1.0 — 1.3 MeV).

The self-consistent deformation parameters are Sz ~ 0.22, v ~ 22° — 50° for Config. 1
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FIG. 10: (Color online) TAC-RMF predictions of (a) B(M1)
and (b) B(E2) reduced transition probabilities in MRB 1 as
a function of total angular momentum.

an f7/o proton pair, the corresponding B(£2) values are
predicted to be 2 0.03 e?b?, which is of the same order of
magnitude as the predicted B(M1) values for Config. 2
in Fig. 10(a).

On the experimental side, a decreasing trend in the
B(M1)/B(FE2) ratio, which can be deduced from the
relative intensities of competing M1 and E2 in-band ~-
ray transitions, is typically adopted as a characteristic of
magnetic rotation. However, for the two bands observed
in the present study, no E2 transitions were observed,
and, consequently, such quantities could not be deduced
from the data.

Moreover, the parities of MRB 1 and MRB 2 could
not be deduced experimentally. However, since the TAC-
RMF calculations in Fig. 9 reproduce the experimental

results for MRB 1 in a satisfactory manner, an assign-
ment of negative parity seems most likely since the con-
figurations used involve single vgg,, excitations. In a
similar way to Bands 2 and 3 discussed previously, firm
parity assignments for the magnetic rotational bands are
desirable.

It should also be noted that the sudden changes of the
B(M1) and B(E2) values from Config. 1 to Config. 2,
which is similar to the situation in %°Ni, might result
from the transition from magnetic rotation in Config. 1
to electric rotation in Config. 2 [50].

As mentioned above, nucleon pairing was omitted from
the TAC-RMF calculations. Despite the fact that per-
forming these calculations with pairing is difficult, the
adopted approximation might be expected to have an
impact on the calculated results. On the one hand, while
the significance of pairing in the bands is likely to be-
come somewhat attenuated at the spins populated in
MRB 1 (J ~ 8 — 15%), the evidence of band crossings
in other parts of the level scheme indicates that pairing
still plays an important role with respect to the struc-
ture of the nucleus, even at high spin. Thus, if pairing
effects were included, one might presume that the re-
sults of the TAC-RMF model presented in Figs. 9 and 10
would be altered, although the magnitude of such modi-
fications is at present uncertain. On the other hand, the
good agreement between the TAC-RMF model and the
experimental data suggests that the approximation seems
reasonable for the magnetic rotational bands in 5Fe.

It must also be realized that, while the TAC-RMF cal-
culation was able to reproduce MRB 1 in a satisfactory
manner, no other particle-hole configuration was found
as a plausible counterpart of MRB 2. However, since the
two sequences form almost degenerate bands of AJ = 1A
transitions, the possibility of chiral partner bands [72]
cannot be excluded (see, for example, Refs. [73, 74]). De-



tailed investigations in this direction would be interest-
ing, but extend beyond the scope of the present planar
cranking calculations. Nevertheless, additional spectro-
scopic information, such as firm spin-parity assignments
and electromagnetic transition probabilities [75], would
help to clarify the situation.

Finally, it is noted that similar bands in °"Mn have
been observed at J ~ 13/2 — 21/2% above 4-MeV exci-
tation energy, and other candidates for magnetic rota-
tional bands are also present in °?Mn at similar spins
starting from ~ 3 MeV [27]. With the recent develop-
ment of the TAC-RMF model, which satisfactorily re-
produces the magnetic structures in 8Fe and “°Ni [50],
the candidate bands in the Mn isotopes, although less
well developed, might provide further tests of the the-
ory. Moreover, AJ = 1% bands at comparable spins and
energies to the magnetic rotational bands populated in
the present study were previously identified in the even-
even neighbor, 5°Fe [76]. These bands were interpreted as
shell-model states in Ref. [76] rather than shears bands.
However, since the J™ = 111 and 12% members of the
band built on the 8415-keV level in °°Fe lie rather far
(2 0.5 MeV) from their closest shell-model counterparts
(see Figs. 1 and 3 of Ref. [76] for details), an investiga-
tion of these AJ = 1h bands with the TAC-RMF model
is also encouraged.

V. SUMMARY

The structure of ®®Fe has been investigated to high spin
(J ~ 17h) using heavy-ion induced fusion-evaporation
reactions at Gammasphere.

Magnetic rotational bands have been observed in this
nucleus for the first time: two bands, beginning at
J ~ 8h, form regular structures composed of low-energy
AJ = 1h transitions up to J ~ 15h. MRB 1 was inter-
preted within the framework of the TAC-RMF model,
which was able to satisfactorily reproduce the experi-
mental results. It is, therefore, concluded that °®Fe is
the lightest nucleus so far to exhibit magnetic rotational
bands. In the future, lifetime measurements for these
states would be useful to test the magnitude and evolu-
tion with spin of the B(M1) transition rates predicted
by the TAC-RMF model, and to provide an insight into
the associated deformation.

In other parts of the °®Fe level scheme, quasirota-
tional structures composed of stretched-FE2 transitions
have been extended to J ~ 17% at an excitation energy
~ 16 MeV, and several other bands are reported for the
first time.

The projected shell model (PSM) was applied to in-
vestigate these structures at high spin and was generally
found to reproduce the bands well with a quadrupole de-
formation parameter e ~ 0.2 [23]. In the framework of
the PSM, Bands 2 and 3 correspond to the favored and
unfavored signature partners of a two-quasiparticle (qp)
negative-parity band, respectively. These bands involve

22

one gp in a low-{) Nilsson state of vgg /5 spherical parent-
age, and one other qp in the fp shell. Band 4 was inter-
preted as a 4-qp, K = 0 band resulting from a coupling
of two 2-qp, K = 1 bands: one proton 2-qp configura-
tion involving the v f7/, orbital, and one neutron 2-qp
configuration of the vgg/, orbital. The nature of Band 5
is rather uncertain and may involve configurations that
were not considered in Ref. [23]. The ground-state band
found adequate description as a 0-qp, K = 0 band up to
JT =127F.

Overall, the PSM gives a satisfactory description of the
quasirotational bands populated in the present study to
high spin, and, notably, it is able to predict with success
the regions of band crossings due to the rotational align-
ments of different qp configurations. These results high-
light the importance of the vgg,/, orbital in the adopted
shell-model space.

The parities of most of the high-spin bands identified
in the present study are uncertain. While the parities of
Bands 2 and 3 are likely negative, and that of Band 4 pos-
itive, experimental confirmation is desirable. It is noted
that the proposed parities are supported by the PSM
calculations.

Numerous positive-parity levels, interpreted here as
fp-shell states, were also deduced in the present study.
These provided thorough tests of the spherical shell
model, where three different effective interactions were
generally able to reproduce the low-lying data in a sat-
isfactory manner, but were found to deviate from the
experimental results at higher energy and spin. Such
deviations are likely to be the consequence of using a re-
strictive fp model space. Overall, it is nevertheless con-
cluded that the GXPF1A Hamiltonian is generally the
more successful of the interactions tested here, at least
over the subset of states populated.

The results of the present study clearly illustrate the
importance of orbitals outside the fp model space for a
proper understanding of nuclei in this mass region. In-
deed, while current large-scale shell-model calculations
do rather well for reproducing positive-parity states at
low spin and excitation energy in even-even systems, the
expansion of the fp model space with the inclusion of the
vgg /2 orbital and other states from higher shells presents
a challenge. It has been shown that adroit truncations in
the adopted model space, such as that presented by the
use of Nilsson orbitals in the PSM, can make headway
in the understanding of near-yrast states. However, the
development of robust interactions for shell models en-
compassing full fpgg,s spaces is an ever growing priority
to properly describe medium-mass nuclei. This is true
even in the case of 8Fe, which lies along the valley of
stability.
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