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Abstract. High-spin states of nuclei near doubly magic 56Ni were studied with the reaction
28Si(36Ar,xpynzα) at 136 MeV beam energy. The Gammasphere array in conjunction with the 4π charged-
particle detector array Microball and neutron detectors were used to detect γ rays in coincidence with
evaporated light particles. The resulting extensive decay schemes of 54Fe, 54,55Co, 56,57Ni, and 58Cu are
compared to shell model calculations in the fp shell.

PACS. 21.60.Cs Shell model – 23.20.En Angular distribution and correlation measurements – 23.20.Lv
Gamma transitions and level energies – 27.40.+z 39 ≤ A ≤ 58

1 Introduction

Doubly magic nuclei and their nearby neighbors are
uniquely suited to test predictions from (large scale) shell-
model calculations. On the one hand spectroscopic data
from these nuclei provide essential information for the
parameter sets of spherical shell-model calculations, i.e.,
single-particle energies and two-body matrix-elements. On
the other hand they put the most severe constraints on the
outcome of such calculations and, consequently, define and
relate the effective nuclear forces.

In this paper we present comprehensive new high-spin
data for nuclei located in the 56Ni region. While this
regime has been studied extensively with light ion induced
reactions (see, for example, [1]), barely anything is known
regarding their high-spin behavior. Most of the reported
decay schemes date back to the mid 1980’s, comprising five
to ten transitions and reaching up to spins I ≤ 10 at exci-
tation energies below ∼ 7 MeV. In fact, this lack of infor-
mation is somewhat surprising and contradictive to their
significance with respect to effective interactions — even
more since they are (and, in principle, have been) readily
accessible via heavy-ion induced fusion-evaporation reac-
tions. Indeed, spherical high-spin states could be identified
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in the Tz = −1/2 nucleus 55Ni [2] using the present data
set.

Other exciting results of our recently initiated high-
spin study of the A ≈ 60 region include the observation
of well- and superdeformed rotational bands in second or
third minima of nuclei in the vicinity of 56Ni [3,4]. In some
cases the bands could be followed up to their so-called ter-
minating states, i.e., reaching the highest possible angular
momenta (I ≈ 30 h̄) for a given configuration [5] at ex-
citation energies in excess of 30 MeV. Most interestingly,
however, was the first observation of a prompt discrete
proton decay out of the band head of the well-deformed
(β2 ≈ 0.4) band in 58Cu linking into a spherical state
in the daughter nucleus 57Ni [4]. Unlike other (deformed)
proton emitters along the proton drip line (τ > 10−3 s)
[6–9] this decay has to compete with fast (τ ≤ 10−9 s) elec-
tromagnetic γ radiation, and constitutes the first observa-
tion of prompt particle decay of a state associated with a
deformed secondary minimum in the potential. Most re-
cently, a second prompt proton emission was suggested for
a superdeformed band in 56Ni itself [10].

Here we concentrate on the extensive results in the
first, spherical minimum. A small (preliminary) fraction
of these has been presented in the proceedings of the 1997
conference on Nucleon-Nucleon interactions [11]. In Sect. 2
we describe the experiment and procedures employed in
the course of the data analysis. The results for 54Fe,
54,55Co, 56,57Ni, and 58Cu are presented in Subsects. 2a to
2f. In Sect. 3 the data are compared to shell-model calcu-
lations in the 1f -2p shell with up to two particles crossing
the spherical shell gap at particle number N = Z = 28.
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2 Experimental procedures and results

The experiment was performed at the 88-Inch Cyclotron
at the Lawrence Berkeley National Laboratory. High-
spin states in various residual nuclei were populated us-
ing the fusion-evaporation reaction 28Si(36Ar,xpynzα) at
143 MeV beam energy. A 0.42 mg/cm2 thin target layer of
99.1 % enriched 28Si was evaporated onto a 0.9 mg/cm2

Tantalum support foil. This foil faced the beam which
lead to a reduction of some 7 MeV in the beam energy.
At the time of the experiment the Gammasphere array
[12] comprised 82 Germanium detectors. The prompt γ
radiation was measured in prompt coincidence with the
evaporated light particles to provide reaction channel se-
lection. The charged particles were detected in the 4π
CsI ball Microball [13] while neutrons were measured
in fifteen liquid scintillator neutron detectors. These re-
placed the Ge-detectors located in the three most forward
(beam direction) rings of Gammasphere. The event trig-
ger required the detection of either three γ rays or two γ
rays and one neutron. A total of 2× 109 events were col-
lected in four days of beam time. We also collected several
hours data using a 136 MeV 36Ar beam impinging onto
a 11.7 mg/cm2 Ta-backed 0.44 mg/cm2 28Si target layer.
Since the recoils were stopped in the backing this data
set allowed (for reaction channels having cross-sections in
excess of a few millibarn) for the identification of isomers
in the nanosecond regime and the evaluation of more pre-
cise angular distribution and correlation coefficients (see
below). Energy and efficiency calibration of the γ-ray spec-
tra were performed with 182Ta, 152Eu, and 56Co sources.
The precisely known energies of the 4+ → 2+ → 0+ cas-
cade in the strong 60Ni+4p channel provided an additional
“in beam” bench mark. The γ-ray energy range was set
to 0.1-6 MeV.

Protons and α particles were identified in the Mi-
croball on the basis of two independent pulse-shape dis-
crimination techniques [13]. For this experiment, both the
inverse kinematics and restrictive particle gating (aiming
at the most effective channel selection, cf. [2]) resulted in
a proton detection and identification efficiency of nearly
80 % while that of α particles amounted to some 65 %.
Neutrons and γ rays were very well discrimated by the
combination of pulse-shape analysis of the neutron de-
tector signals and time-of-flight measurements relative to
the RF-frequency of the cyclotron. The energies of the
charged particles detected in the Microball were used
to evaluate the momenta of the individual recoiling nu-
clei. This “kinematic correction” results in a more precise
Doppler-shift correction of the γ-ray energies and signifi-
cantly improves their energy resolution, especially in these
light systems.

The events were sorted off-line into various Eγ pro-
jections, Eγ-Eγ matrices, and Eγ-Eγ-Eγ cubes subject
to appropriate evaporated particle and analysis condi-
tions. Careful successive subtractions of contaminations
from higher fold charged-particle channels, which may leak
through when one or more proton or α escaped detec-
tion or identification, resulted in purified singles projec-
tions, γγ matrices, and γ-gated spectra for a given isotope.

Based on the yields of (known) ground-state transitions,
corrected for γ- and particle detection efficiency, exper-
imental relative cross sections were deduced. The num-
bers relevant to the nuclei discussed in this paper are
given in Table 1. Altogether some 25 nuclei were produced
with measurable cross section. Among them, the strongest
channel, 58Ni+1α2p, comprises nearly 1/3 of the total fu-
sion cross section. In contrast, 55Ni+2α1n represents the
weakest channel identified, with about 0.004 % relative
cross section [2].

Coincidence, intensity balance, and summed energy re-
lations were inspected to deduce the high-spin excitation
schemes. The γ-ray energies and their relative yields pre-
sented in Tables 2–7 are based on the previously men-
tioned purified particle-gated singles projections. For weak
transitions and/or doublet structures γ-gated spectra ob-
tained from appropriately particle-gated γγ matrices were
considered. The spectrum analysis was performed using
the code ViewSpectra developed at the University of
Cologne [14]. The deduction of the extensive excitation
schemes of the (moderately strong) channels 54Fe+2α2p,
55Co+2α1p, and 57Ni+1α2p1n required the use of the
Radware-(cube)-analysis package [15].

In order to extract the multipolarities of the transi-
tions and collect sufficient statistics, the 82 detectors of
Gammasphere were grouped into four “pseudo”-rings la-
belled “30”, “53”, “70”, and “83”: Ring “30” consists of
the 15 detectors at 142.6◦, 148.3◦, and 162.7◦. The cosines
of these angles, mirrored to angles between 0◦ and 90◦ and
weighted by the number of detectors, average to θ = 30◦.
Ring “53” (θ = 53◦) comprised 28 detectors (50.1◦, 58.3◦,
121.7◦, and 129.9◦), ring “70” (θ = 70◦) 14 detectors
(69.8◦ and 110.2◦), and ring “83” (θ = 83◦) 25 detec-
tors (79.2◦, 80.7◦, 90.0◦, 99.3◦, and 100.8◦). Particle-gated
(and purified) singles projections were created for these
four rings of detectors, as well as γγ matrices with one
γ ray originating from one distinct ring while the second
could come from any detector. Sums of γ-gated spectra
(projected on the respective ring) as well as the purified
singles projections formed the basis for the angular dis-
tribution analysis. If applicable, a Legendre least-squares
fit was performed over the four data points to deduce the
(normalized) angular distribution coefficients a2 and a4 of
the angular distribution formula [16]

W (θ) = 1 + q2a2P2(cosθ) + q4a4P4(cosθ). (1)

Table 1. Some experimental relative cross-sections for the re-
action 36Ar +28Si at Ebeam = 136 MeV deduced from the
yields of known ground-state and bandhead transitions in var-
ious particle-gated spectra

reaction σrel reaction σrel

channel (%) channel (%)

54Fe+2α2p 1.0(2) 56Ni+2α 0.020(3)
54Co+2αpn 0.12(3) 57Ni+α2pn 3.8(8)
55Co+2αp 2.0(2) 58Cu+αpn 0.30(7)
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Table 2. The energies of excited states in 54Fe, the transitions energies and relative intensities of the γ rays placed in the level
scheme, angular distribution ratios, the DCO-ratios of three different angle combinations, the deduced mixing ratios, and the
spins and parities of the initial and final states of the γ rays

Ex Eγ Irel R30−83 RDCO α2
a δ(E2/M1) Mult. Iπi Iπf

(keV) (keV) (%) 30◦-53◦ 30◦-83◦ 53◦-83◦ Ass. (h̄) (h̄)

1407.8(2) 1407.8(2) 100(3) 1.24(6)b 1.02(4) 1.02(5) 0.98(5) E2 2+c 0+

2537.4(2) 1129.6(1) 98(3) 1.21(6)b 1.01(5) 1.02(5) 0.99(5) E2 4+c 2+

2948.6(2) 411.2(1) 72(2) 1.00(4)b 0.96(5) 0.95(5) 1.07(6) E2 6+c 4+

3294.2(4) 756.8(4) 12(1) 0.92(4) 1.03(8) 1.07(10) 1.01(8) 0.62 −1.2 < δ < −0.05 (∆I = 0) 4+c 4+

1887(1) 3.5(2) 4+ 2+

3344.2(4) 806.9(4) 1.0(2) 0.63(8) 0.53(18) 0.79(44) 1.07(32) (E2/M1) 3+c 4+

1937(2) 1.0(2) 3+ 2+

4030.9(4) 736.8(4) 7.5(5) 0.43(3) 0.69(8) 0.49(6) 0.76(6) 0.63 +0.14(10
7 ) E2/M1 5+ 4+

1494(1) 1.5(3) 5+ 4+

4047.4(6) 703.6(6) 1.2(2) 0.47(7) (E2/M1) 4+c 3+

2640(2) 1.0(2) 4+ 2+

4655.2(7) 608(1) 0.3(1) 5+ 4+

1361(1) 2.5(5) 0.52(5) 0.85(24) 0.63(17) 0.68(13) E2/M1 5+ 4+

5045.4(3) 1015.0(5) 0.9(2) 0.44(20) 0.67(21) 0.73(17) (E2/M1) 6+c 5+

2097(1) 4.4(6) 1.26(8) 1.17(13) 1.13(15) 0.95(12) 0.65 ∼ −1.0 (∆I = 0) 6+ 6+

5280.1(7) 625.0(6) 0.4(1) 0.82(16) 6+ 5+

1249(1) 1.4(3) 0.52(4)d 0.47(12) 0.62(15) 0.68(12) E2/M1 6+ 5+

1986(2) 1.6(4) d 6+ 4+

2332(2) 0.6(2) 6+ 6+

5481.8(7) 1435(1) 0.3(1) (5+) 4+

2944(1) 2.6(4) 1.10(10) 1.01(25) 0.73(19) 1.14(23) 0.66 ∼ −0.3 (E2/M1) (5+) 4+

5927.2(2) 881.9(3) 2.2(3) 0.51(4) 0.77(12) 0.56(9) 0.73(8) 0.67 +0.07(11
8 ) E2/M1 7+ 6+

1895(1) 0.5(2) 7+ 5+

2979(1) 11(1) 1.49(9) 1.35(11) 1.31(14) 0.97(11) 0.67 ∼ −1.0 E2/M1 7+ 6+

6297(1) 3348(2) 2.7(3) À 1 À 1 ∼ 1 (7+) 6+

6380.0(2) 3431.2(5) 29(1) e 1.26(6) 1.00(10) 1.01(11) 0.99(10) E2 8+c 6+

6526.0(2) 145.9(2) 27(1) e 0.96(8) 1.05(11) 1.21(12) E2 10+c 8+

3578(2) 0.5(1)e E4 10+ 6+

6551(1) 1069(1) 0.2(1) (5+)
3602(2) 0.5(2) 6+

6723.4(2) 197.4(2) 18(1) 0.42(2) 0.85(14) 0.60(11) 0.67(11) 0.68 -0.07(6) E2/M1 9+ 10+

796.4(2) 5.0(3) 1.20(8) 1.10(10) 1.11(12) 1.01(10) E2 9+ 7+

6864.1(4) 936.9(5) 3.6(4) 0.61(3) 0.97(13) 0.71(9) 0.84(8) 0.69 -0.09(12) E2/M1 8+ 7+

1819(1) 0.8(2) 8+ 6+

3915(2) 3.0(3) 1.21(7) 0.97(16) 1.21(21) 1.06(15) (E2) 8+ 6+

7075(2) 778(1) 0.4(2) (7+)
1148(1) 0.3(1) 7+

4126(3) 0.9(2) 6+

7351.3(4) 487.2(2) 4.2(5) 0.55(4) 0.79(8) 0.53(6) 0.85(6) 0.70 -0.01(7) E2/M1 9+ 8+

971.6(6) 1.0(3) 9+ 8+

1423.8(6) 2.8(4) 1.39(10) 1.03(16) 1.06(18) 1.22(22) (E2) 9+ 7+

7503.4(3) 780.0(2) 16(1) 0.67(3) 0.78(9) 0.69(8) 0.92(8) 0.70 +0.06(6) E2/M1 10+ 9+

1.00(7)f 1.10(8)f 0.89(5)f

978(1) 2.4(3) 10+ 10+

7566(2) 4617(3) 0.8(2) 6+

8018.6(3) 1492.4(4) 21(1) 0.82(5) 0.75(14) 0.72(24) 0.70(17) 0.71 -0.02(14
12) E2/M1 11+ 10+

0.81(10)f 0.82(11)f 0.94(9)f

8319(1) 753(1) 0.5(2)
1769(2) 0.2(1)
2022(1) 0.2(1) (7+)

8374(1) 1994(1) 2.0(5) 1.12(7) 0.94(15) 1.27(22) 0.85(12) (E2) (10+) 8+

8577.6(5) 559(1) 0.4(1) (10+) 11+

1226.2(5) 2.1(3) 0.69(5) 1.27(33) 0.76(22) 0.97(20) (E2/M1) (10+) 9+
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Table 2. Continued

Ex Eγ Irel R30−83 RDCO α2
a δ(E2/M1) Mult. Iπi Iπf

(keV) (keV) (%) 30◦-53◦ 30◦-83◦ 53◦-83◦ Ass. (h̄) (h̄)

8807.8(3) 788.8(6) 0.6(1) 11+ 11+

1304.5(4) 7.0(9) 0.74(5) 0.75(21) 0.76(16) 0.82(13) 0.73 +0.03(11
7 ) E2/M1 11+ 10+

2282(2) 5(1) 11+ 10+

9123(1) 1772(1) 0.8(2) 9+

9845.0(4) 1037.2(4) 4.1(8) 0.75(6) 0.88(20)f 0.90(25)f 0.95(16)f E2/M1 12+ 11+

1826.4(7) 18(1) 0.87(4) 1.02(13)f 1.08(16)f 0.95(10)f E2/M1 12+ 11+

2342(2) 0.4(1) 12+ 10+

3319(2) 10(1) 1.18(11) 12+ 10+

9995(1) 2492(2) 0.3(1) 10+

3270(3) 0.3(1) 9+

10130.7(7) 1323(1) 2.2(3) 1.05(7)d (12+) 11+

2112(1) 1.0(2) 1.49(22) (12+) 11+

10541.7(6) 1734(1) 0.8(2) (11) 11+

1964(1) 0.3(1) (11) (10+)
2523(2) 0.4(1) (11) 11+

3037(2) 0.4(1) (11) 10+

4016(1) 1.2(2) (11) 10+

11093.1(5) 1248.1(3) 32(1) 0.94(5)d 1.23(22) f 1.15(24)f 0.88(20)f E2/M1 13+ 12+

3074(2) 2.8(3) 13+ 11+

11113.2(7) 571.5(4) 2.8(2) 0.54(4) E2/M1 (12) (11)
1118(1) 0.3(1) (12)
2306(2) 1.5(3) 0.74(6) (∆I = 1) (12) 11+

3095(3) 0.9(2) (12) 11+

12042.6(8) 929.4(4) 4.5(4) 0.79(9) (E2/M1) (13) (12)
12313.8(6) 1220.7(4) 13(1) 0.89(4) 0.98(13)f 1.01(15)f 1.09(13)f E2/M1 14+ 13+

2183(2) 0.2(1) 14+ (12+)
12953(1) 1860(1) 2.2(4) 0.81(9) (E2/M1) (14+) 13+

13358(1) 1315(1) 1.8(3) d

14388(1) 1435(1) 0.2(1) (14+)
2074(2) 2.5(5) 1.41(10) 14+

15062(2) 1704(2) 0.3(1)

aThe attenuation coefficients were fixed using the relation α2 = 0.55 + 0.02 · Ex(MeV) and uncertainties ∆α2 ± 0.05
bValue taken from the backed-target experiment to avoid distortions from the effect of deorientation at low spins
cAssignment (also) based on [25]
dDoublet structure
eIntensities taken from the backed-target experiment. The 6526 keV 10+ level is an isomer with T1/2 = 364(7) ns
fRDCO deduced from spectra gated with the 197 and 1248 keV transitions (stretched ∆I = 1)

P2 and P4 denote the Legendre polynomials while q2 and
q4 account for the attenuation due to the finite opening an-
gles of the Ge detectors [17]. However, the limited amount
of statistics and, hence, too large error margins for most
of the present transitions and/or the lack of a data points
near zero degrees prevented a detailed analysis, i.e., a
proper determination of the width of the presumed Gaus-
sian distribution of the magnetic substates (alignment σ)
or mixing ratios δ(E2/M1) for ∆I ≤ 1 transitions. In-
stead, the most sensitive ratio of yields of ring ”30” and
ring ”83”, R30−83 , is given in Tables 2–7 and shown in
Fig. 1 as a function of excitation energy. The ratios from
the fairly strong channels 54Fe, 55Co, and 57Ni are plot-
ted in case the multipolarities could be assigned or at
least suggested. Filled symbols represent stretched ∆I = 2
(mainly E2) transitions, open symbols stretched ∆I = 1
(mainly mixed E2/M1) transitions. A few ∆I = 0 transi-

tions are denoted with a cross. The ∆I = 2 transitions are
located around R30−83 ≈ 1.2 with slightly increasing val-
ues for higher excitation energies, i.e., a more pronounced
alignment width σ. The values for the vast majority of
the ∆I = 1 transitions is less than one, i.e., distinctly
different from the ∆I = 2 mean. However, a number of
∆I = 1 transitions were found to have a considerable E2
admixture which gives rise to ambiguities if one were to
assign spins (and parities) only based on this ratio. There-
fore, the ratio is used to suggest or support multipolarity
assignments which were fixed via multiple directional cor-
relations of oriented states (DCO-ratios). Here, these are
defined as

RDCO(30-83;γ1, γ2) =
I(γ1 at 30◦; gated with γ2 at 83◦)
I(γ1 at 83◦; gated with γ2 at 30◦)

.

(2)
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Table 3. The energies of excited states in 54Co, the transitions
energies and relative intensities of the γ rays placed in the level
scheme, angular distribution ratios, and the spins and parities
of the initial and final states of the γ rays

Ex Eγ Irel R30−83 Iπi Iπf
(keV) (keV) (%) (h̄) (h̄)

936.8(4) 936.8(4) 76(7) 0.94(9) 1+a 0+

1445.1(5) 508.3(3) 52(5) 0.60(8) 2+a 1+

1820.6(5) 375.5(2) 35(4) 0.78(10) (3+)a 2+

1887(2) 1688(2) 11(2) (5+)a (7)+a

2651.2(7) 764(2) 4(2) (4+)a (5+)
830.5(5) 25(3) 0.86(12) (4+) (3+)

2910.9(7) 259.6(3) 8(1) (6+)a (4+)
1025(2) 2(1) (6+) (5+)

3173(2) 2974(1) 100(5) 1.16(14) (9+) (7)+

4729(3) 1557(1) 53(6) > 1 (11+) (9+)
5048(4) 1875(3) 5(1) (9+)
7243(4) 2514(3) 9(2) (11+)

aAssignment based on [25]

Fig. 1. Ratios R30−83 of yields of transitions in 54Fe (rhom-
bus), 55Co (squares), and 57Ni (circles) detected at mean de-
tector angles of 30◦ and 83◦ degrees, respectively. See text for
details

The DCO-ratios RDCO(30-53) and RDCO(53-83), invok-
ing pseudo ring “53”, are defined accordingly. The DCO-
ratios were corrected for the different detection efficiencies
at different detection angles. In general, known stretched
E2 transitions are used for gating. Then one expects
RDCO = 1.0 for observed stretched E2 transitions for
all three combinations [18,19]. Contrary, DCO-ratios of
stretched ∆I = 1 or ∆I = 0 transitions depend on both
the ring combination and the possible δ(E2/M1) mixing
ratio. In fact, the common ambiguity between a possi-
ble solution having a small (δ(E2/M1) ≈ 0) or a large
(|δ(E2/M1)| À 0) mixing ratio can be surpassed [19].
This is illustrated in Fig. 2 providing the analysis for the
739 keV 17/2− → 15/2− transition in 55Co. The exper-
imental DCO ratio (horizontal line) is plotted with its
error margin indicated in grey. The theoretical DCO-ratio
(for a given alignment width and error margin) was cal-
culated depending on the mixing ratio δ and represented

Fig. 2. The analysis of DCO-ratios of different detector an-
gle combinations for the 739 keV 17/2− → 15/2− transi-
tion in 55Co is presented to deduce its multipole mixing ratio
δ(E2/M1). The experimental DCO ratio (horizontal line) is
plotted with its error margin indicated in grey. The DCO-ratio
calculated for the given alignment (and error margins) and de-
pending on the mixing ratio δ is shown by the three curves.
The crossing(s) of the curve with the experimental DCO-ratio
mark possible solutions for the mixing ratio, indicated by the
vertical solid lines. Again, the shaded area provides the error
margins

by the three curves. The crossing(s) of the curve with the
experimental DCO-ratio mark possible solutions for the
mixing ratio, indicated by the vertical solid lines. Again,
the shaded area provides the error margin(s). In the case
of the 739 keV transition in 55Co only the three solutions
near arctan(δ) ≈ 12◦ overlap while those at large negative
values can be excluded. Here, the weighted mean yields
δ(E2/M1) = −0.22(4), the number given in Table 4.

The alignment coefficient α2 = a2/A2,max was calcu-
lated using the relation α2 = 0.55 + 0.02 · Ex(MeV) and
uncertainties ∆α2±0.05. This assumption provides a rea-
sonable estimate of the alignment as long as no nanosec-
ond isomer is encountered in the course of the decay se-
quence [20]. Candidates for stretched, parity changing E1
transitions shall have a mixing ratio consistent with zero.
The DCO-ratios given in Tables II-VII represent mean
values of different (γ-)gating conditions and, if applicable,
data from both the unbacked and backed target experi-
ments. The mixing ratios are mean values for different ring
combinations and from the analysis of both DCO-ratios
(cf. Fig. 2) and gated angular distributions. The multi-
polarity and, hence, spin and parity assignments are also
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Table 4. The energies of excited states in 55Co, the transitions energies and relative intensities of the γ rays placed in the level
scheme, angular distribution ratios, the DCO-ratios of three different angle combinations, the deduced mixing ratios, and the
spins and parities of the initial and final states of the γ rays

Ex Eγ Irel R30−83 RDCO α2
a δ(E2/M1) Mult. Iπi Iπf

(keV) (keV) (%) 30◦-53◦ 30◦-83◦ 53◦-83◦ Ass. (h̄) (h̄)

2973.4(2) 2973.4(2) 100(3) 1.23(5) 1.01(5) 1.03(5) 0.98(5) E2 11/2− 7/2−

3736.5(2) 763.2(1) 11(1) 0.82(5) 0.65(9) 0.60(13) 0.80(11) 0.62 +0.01(8) E2/M1 13/2− 11/2−

3774.4(2) 37.9(3)b 5.5(5) 15/2− 13/2−

801.0(1) 79(2) 1.22(6) 0.98(4) 0.97(4) 1.01(5) E2 15/2− 11/2−

4513.7(2) 739.0(1) 73(2) 0.93(5) 0.94(4) 0.80(5) 0.89(5) 0.64 -0.22(4) E2/M1 17/2− 15/2−

777.9(2) 5.2(2) 1.10(6) 0.93(11) 1.11(16) 0.98(10) E2 17/2− 13/2−

4686.2(4) 949.6(3) 1.7(2) 1.02(10) 0.68(36) 15/2−c 13/2−

1713(1) 1.8(3) 15/2− 11/2−

4920.7(4) 1146.1(4) 1.2(1) 0.97(10) 1.12(22) 1.15(26) 1.18(20) (∆I = 0) (15/2−) 15/2−

5431.6(3) 745.2(6) 0.7(2) 17/2− 15/2−

917.8(5) 1.0(2) 1.24(9) 0.85(20) (∆I = 0) 17/2− 17/2−

1657.2(4) 6.8(2) 1.07(7) 1.02(9) 0.89(9) 0.92(8) 0.66 -0.31(7) E2/M1 17/2− 15/2−

6332.4(5) 900.6(8) 0.3(1) (17/2−) 17/2−

1412(1) 0.2(1) (17/2−) (15/2−)
1646(1) 0.1(1) (17/2−) 15/2−

1819(1) 1.2(2) d 0.96(14) 0.98(14) 0.88(14) (∆I = 0) (17/2−) 17/2−

6596.4(3) 1675(1) 0.1(1) 19/2− (15/2−)
2082.7(3) 25(1) 1.42(6) 1.08(7) 1.22(10) 1.01(7) 0.68 -0.5(2) E2/M1 19/2− 17/2−

2822(1) 8.5(3) 1.44(8) 0.91(8) 0.99(10) 1.03(9) E2 19/2− 15/2−

6641.4(3) 1208(1) 0.3(1) 0.90(18) 19/2− 17/2−

2127.6(3) 20(1) 1.38(6) 1.11(7) 1.21(8) 1.07(6) 0.68 -0.6(1
2) E2/M1 19/2− 17/2−

2868(1) 3.6(2) 1.52(13) 1.14(15) 1.18(25) 1.02(13) E2 19/2− 15/2−

7529.2(5) 2843(2) 0.6(1) 19/2−c 15/2−

3015(1) 0.8(1) 1.43(20) 19/2− 17/2−

7833.0(3) 1191.6(4) 0.8(2) 1.11(9) 21/2− 19/2−

1236.1(4) 1.8(1) 1.05(6) 1.05(14) 1.23(19) 0.90(11) 0.71 -0.4(2) (E2/M1) 21/2− 19/2−

2402(1) 1.6(1) 1.24(6) 21/2− 17/2−

3319.3(3) 20(1) 1.33(6) 0.98(6) 1.06(7) 1.00(6) E2 21/2− 17/2−

7855(2) 3169(2) 0.2(1) 15/2−

7920.5(5) 1324(1) 0.2(1) 19/2− 19/2−

1588(1) 0.7(1) 0.78(8) 19/2− (17/2−)
3407.9(7) 6.5(3) 0.59(3) 0.71(8) 0.47(6) 0.72(6) 0.71 +0.12(7) E2/M1 19/2− 17/2−

8090(2) 2658(2) 0.3(1) 17/2−

3169(2) 0.4(2) (15/2−)
3577(3) 0.3(2) 17/2−

8158.5(4) 1516.7(6) 0.6(1) 1.07(12) 21/2−c 19/2−

1562.1(6) 1.3(1) 1.24(18) 21/2− 19/2−

2728(1) 1.9(3) 1.42(28)d 21/2− 17/2−

3645(2) 1.6(2) 1.31(9) 1.23(30) d 21/2− 17/2−

8348.7(3) 515.5(2) 5.0(2) 0.49(3) 0.79(7) 0.37(5) 0.53(7) 0.72 e E2/M1 23/2− 21/2−

1707.2(4) 16(1) 1.30(6) 1.01(6) 1.10(6) 1.06(6) E2 23/2− 19/2−

1752.4(3) 13(1) 1.29(6) 1.04(6) 1.04(6) 1.05(6) E2 23/2− 19/2−

8400.6(8) 1804(1) 1.0(2) 19/2−

3887(2) 0.8(1) 17/2−

8686.9(5) 766.4(3) 5.2(2) 0.71(6) 1.20(22) 0.75(17) 0.79(16) 0.72 -0.1(2) ∆I = 1 21/2 19/2−

2091(2) 0.8(2) 1.17(8)d 1.10(19) 0.93(18) 0.92(14) d 21/2 19/2−

8689.5(3) 340.5(2) 0.6(1) 0.75(6) 0.47(16) E2/M1 23/2− 21/2−

856.6(2) 11(1) 0.88(4) 0.94(6) 0.89(6) 0.93(5) 0.72 -0.25(6) E2/M1 23/2− 21/2−

1160.2(5) 0.4(1) 23/2− 19/2−

2095(1) 5.2(4) 1.17(8)d 1.10(19) 0.93(18) 0.92(14) d 23/2− 19/2−

9698.5(3) 1008.7(3) 3.5(1) 0.95(5) 0.93(9) 0.75(9) 0.86(8) 0.74 -0.19(8) E2/M1 25/2− 23/2−

1349.9(2) 17(1) 1.06(5) 1.03(6) 0.96(6) 0.97(5) 0.74 -0.35(7) E2/M1 25/2− 23/2−

1539.9(6) 0.8(1) 1.52(17) 25/2− 21/2−

1865.8(8) 2.0(1) 1.30(10)d 1.11(23) 1.00(14) 0.96(22) E2 25/2− 21/2−
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Table 4. Continued

Ex Eγ Irel R30−83 RDCO α2
a δ(E2/M1) Mult. Iπi Iπf

(keV) (keV) (%) 30◦-53◦ 30◦-83◦ 53◦-83◦ Ass. (h̄) (h̄)

9782.1(9) 1433(1) 0.5(1) 0.94(13) 23/2−

3187(2) 0.6(1) 1.56(25) 19/2−

10112.8(7) 1426.0(5) 2.5(1) 1.43(9) 1.01(12) 1.21(17) 1.03(12) (E2/M1) (23/2) 21/2
1712(1) 0.3(1) (23/2)

10545.4(5) 1859(1) 0.8(2) 1.30(10)d (23/2)c 21/2
2626(1) 1.1(1) 1.38(18) (23/2) 19/2−

2714(2) 1.0(2) 1.25(20) (23/2) 21/2−

10579.8(5) 880(1) 0.3(1) 25/2− 25/2−

1889.5(6) 3.0(2) 1.50(8) 1.12(13) 1.11(11) 1.25(14) 0.76 -0.6(2) E2/M1 25/2− 23/2−

2231(1) 2.9(3) 1.77(11) 1.30(20) 1.26(16) 1.15(20) 0.76 -1.2(7
10) E2/M1 25/2− 23/2−

10760(1) 2411(2) 0.5(1) 23/2−

2927(2) 1.0(2) 21/2−

11469.9(5) 924.7(3) 0.7(2) 0.86(7) 0.62(19) (∆I = 1) 25/2 (23/2)
2781(2) 1.5(5) 1.95(13)d 1.11(14) 1.26(22) 1.11(14) d 25/2 23/2−

2783(2) 2.4(3) 1.95(13)d 1.11(14) 1.26(22) 1.11(14) d 25/2 21/2
3640(2) 0.6(2) 1.23(30) d 25/2 21/2−

11908.0(5) 1363(1) 0.2(1) 1.45(11)d d 25/2 (23/2)
3222(2) 0.3(1) 1.10(16) 25/2 21/2
3560(2) 0.2(1) 25/2 23/2−

4075(3) 0.3(1) 25/2 21/2−

11962.6(8) 2264(1) 2.0(2) 2.2(5)d 1.20(20) d (27/2) 25/2−

3274(2) 1.8(1) 1.45(10) (27/2) 23/2−

3615(2) 0.9(2) 0.97(11) (27/2) 23/2−

12118.5(8) 1359(1) 0.8(2) 1.45(11)d d

2420(1) 2.0(2) 25/2−

12363.0(5) 455.0(1) 0.5(1) 0.63(5) 0.56(12) ∆I = 1 27/2 25/2
893.2(2) 2.3(1) 0.87(5) 0.94(11) 0.85(12) 0.92(10) 0.80 -0.24(10) E2/M1 27/2 25/2
1782.9(3) 2.0(1) 1.02(7) 0.73(13) 0.67(11) 0.86(13) 0.80 -0.1(2) ∆I = 1 27/2 25/2−

1818(1) 1.0(2) 1.49(13)d 0.96(14) 0.98(14) 0.88(14) d 27/2 (23/2)
4013(3) 0.4(1) 27/2 23/2−

12613(1) 2915(3) 0.4(1) 25/2−

3925(3) 0.6(1) 23/2−

4263(3) 0.6(2) 23/2−

12835(1) 2255(2) 1.0(1) 1.53(51) (27/2)c 25/2−

2722(1) 0.7(2) 1.42(28)d (27/2) (23/2)
3138(2) 0.8(1) 0.49(8) (∆I = 1) (27/2) 25/2−

13163(1) 4812(2) 0.7(2) 23/2−

13339.1(5) 976.1(2) 3.3(1) 0.95(6) 0.85(9) 1.00(12) 0.82(8) 0.82 -0.2(1) E2/M1 29/2 27/2
13516.4(8) 1398(1) 0.5(2) 0.69(10) (E2/M1) (27/2−) (25/2−)

2936(3) 0.5(1) (27/2−) 25/2−

3818(1) 1.7(1) 1.32(10) 0.65(17) (E2/M1) (27/2−) 25/2−

13685(3) 5336(3) 0.2(1) 23/2−

13818(1) 1856(1) 0.7(1) (27/2)
4119(2) 1.2(1) 25/2−

14125(3) 4426(3) 1.0(2) 25/2−

14672.3(6) 1333.2(3) 2.1(2) 1.10(7) 1.28(19) 1.00(16) 0.79(11) 0.84 ∼ −0.3;∼ −3.0 E2/M1 31/2 29/2
1837(1) 0.3(1) 31/2 (27/2)

14730(3) 5031(3) 0.1(1) 25/2−

14881(1) 1063(1) 0.3(1)
1365(1) 0.2(1) 1.45(11)d d (27/2−)
1718(1) 0.2(1)
2268(2) 0.7(2) 2.2(5)d 1.20(20) d

2919(2) 0.5(1) (27/2)

aThe attenuation coefficients were fixed using the relation α2 = 0.55 + 0.02 · Ex(MeV) and uncertainties ∆α2 ± 0.05
bExistence and yield deduced from coincidence relation between the 763 and 739 keV transitions
cThe spin and parity assignment of this intermediate level is based on a known spin difference of four (six) between the initial
and final states of a γ-ray cascade consisting of two (three) transitions assuming that only transitions with ∆I ≤ 2 are observed
dDoublet structure
eNo consistent solution
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Table 5. The energies of excited states in 56Ni, the transitions
energies and relative intensities of the γ rays placed in the level
scheme, angular distribution and the DCO-ratios, and the spins
and parities of the initial and final states of the γ rays

Ex Eγ Irel R30−83 RDCO Iπi Iπf
(keV) (keV) (%) 30◦-83◦ (h̄) (h̄)

2701(1) 2701(1) 100(3) 1.42(13) 0.95(28) 2+a 0+

3925(1) 1224(1) 95(3) 1.24(10) 1.01(17) 4+a 2+

5317(1) 1392(1) 80(3) 1.50(21) 0.89(16) 6+a 4+

5351(1) 2650(2) 8(1) 2+a 2+

5351(3) 5(1) 2+ 0+

6327(1) 976(1) 10(1) 1.49(18) (4+) 2+

2402(2) 6(2) 1.44(39) (4+) 4+

3626(2) 15(1) 1.51(32) (4+) 2+

7653(2) 1326(1) 28(2) 1.27(15) (6+) (4+)
3727(3) 2(1) (6+) 4+

7956(2) 2639(2) 45(2) 1.26(13) 1.16(30) 8+ 6+

8225(2) 2908(2) 10(1) 1.14(23) (8+) 6+

9310(2) 1657(1) 25(1) 1.15(15) (8+) (6+)
9419(3) 1463(1) 30(2) 1.30(14) 0.88(24) 10+ 8+

9736(3) 846(1) 2(1)
2083(2) 2(1) 6+

10679(2) 2454(2) 6(1) (10+)c (8+)
10937(2) 1201(1) 7(1) (9)

1627(1) 13(1) 0.90(13) (9) (8+)
11297(3) 1987(2) 10(1) 1.30(36) (10+) (8+)
12360(3) 1681(2) 2(1) (12+) (10+)

2941(3) 15(1) 1.67(28) 1.02(40) (12+) 10+

12509(3) 1572(1) 18(2) 1.31(18) (11) (9)
13580(4) 2283(2) 6(1) (12+)b (10+)
14454(4) 1945(2) 13(1) 1.24(18) (13) (11)
14737(5) 2377(2) 10(1) 1.46(21) (14+) (12+)
16772(5) 2318(2) 10(1) (15)b (13)
19520(7) 2748(3) 4(1) (17)b (15)

aAssignment also based on [1]
bAssignment suggested by rotational band structure
cThe spin and parity assignment of this intermediate level is
based on a known spin difference of four between the initial
and final states of a γ-ray cascade consisting of two transitions
assuming that only transitions with ∆I ≤ 2 are observed

based on yrast arguments, i.e., the more intense a state is
populated the higher its spin value with respect to excita-
tion energy. In addition, stretched ∆I > 2 transitions are
generally excluded. The latter may lead to assignments of
intermediate yrare levels if the spins (and parities) of the
yrast levels were determined. They are labelled accord-
ingly in the tables.

2.1 Experimental results for 54
26Fe28

In a previous study, the high-spin yrast cascade of 54Fe
was followed up to the isomeric 6526 keV 10+ level [21].
Additional γ-ray transitions of 197, 780, and 1492 keV
were reported. The lifetime of τ = 525(10) ns allowed the
measurement of the static magnetic dipole and electric
quadrupole moment of the 10+ state [22–24]. The study
of light ion induced reactions provided a large number of

low-spin states [25] of which we observed the levels at 3294,
3344, 4031, and 4047 keV. The only discrepancy found is
the spin assignment of the 4031 keV level which clearly
indicates I = 5 instead of I = 4 according to our angular
distribution and correlation analysis of the 737 keV transi-
tion. Some 70 new transitions were placed in the proposed
level scheme shown in Fig. 3a. It was extended up to an
exitation energy of some 15 MeV and spins I = 15 or
16 h̄. The latter value corresponds to the maximum pos-
sible spin of 2p-4h excitations within the fp shell. Table 2
provides the level energies, γ-ray energies and intensities,
angular distribution and correlation ratios, and the spin
and parity assignments.

Figure 4 provides γ-ray spectra for the 54Fe+2α2p re-
action channel. Panels (a) and (b) are sums of spectra
in coincidence with the yrast 6+ → 4+ → 2+ → 0+

cascade requiring two alpha particles and two protons
detected in Microball and employing the backed (a)
and unbacked (b) target data. Panel (a) clearly indicates
the two bypasses of the 10+ isomer, namely the 796-
2979(=882+2097)-keV and the 487-3915(=937+2979)-
keV sequences. Since these transitions do not show obvious
Doppler broadening or Doppler shift, the corresponding
6723 keV 9+ and 7351 keV 9+

2 states must have lifetimes in
excess of one picosecond. In contrast, the observed gamma
decays [cf. Fig. 4b] of the higher lying levels are fast, i.e.,
even the accumulated lifetimes within a given sequence
have to be significantly lower than one picosecond. Of spe-
cific interest is the 3578 keV transition seen in Fig. 4a: it
was suggested [26] and now confirmed to mark a 1.9(4)%
10+ → 6+ E4 branch competing with the 146 keV E2
decay.

Numerous more transitions are visible in Fig. 4b. For
example, the labelled 3348 and 3602 keV transitions form
the basis of several yrare states shown on the left hand
side of the level scheme in Fig. 3a. Most of these tran-
sitions were too weak to deduce spins or parities of the
associated energy levels. Some of the new transitions are
highlighted in Fig. 4c which is the spectrum in coinci-
dence with the 197 keV 9+ → 10+ transition above the
isomer. Next to several γ rays connecting the yrast and
yrare high-spin part of the 54Fe level scheme, peaks at
572 and 929 keV are present. The sum of spectra in co-
incidence with these two transitions is shown in Fig. 4d.
They are found to form (together with the 1315 and ten-
tative 1704 keV transitions) a regular band-like structure
the decay of which is highly fragmented [cf. Fig. 3a]. The
yields of the linking transitions, in particular the 4016 keV
(11) → 10+ line, account for the full intensity observed
for the band members. Though the average difference in
γ-ray energies within the band (∼ 370 keV) is typical for
the superdeformed bands in the mass region [3,4,10] the
R30−83 ratios for both the 572 and 929 keV transition
clearly indicate stretched ∆I = 1 character. The ratio of
the 2306 keV line was used to suggest the spin I = (12)
for the 11113 keV level.

The yrast cascade above the isomer is formed by the
four strong ∆I = 1 transitions at 1492, 1826, 1248, and
1221 keV. The multipolarity assignments are based on
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Table 6. The energies of excited states in 57Ni, the transitions energies and relative intensities of the γ rays placed in the level
scheme, angular distribution ratios, the DCO-ratios of three different angle combinations, the deduced mixing ratios, and the
spins and parities of the initial and final states of the γ rays

Ex Eγ Irel R30−83 RDCO α2
a δ(E2/M1) Mult. Iπi Iπf

(keV) (keV) (%) 30◦-53◦ 30◦-83◦ 53◦-83◦ Ass. (h̄) (h̄)

768.4(2) 768.3(2) 22(1) 0.79(5) 0.57 -0.15(11
8 );≥ 3 E2/M1 5/2−b 3/2−

2442.7(3) 1674(1) 0.6(2) 5/2−b 5/2−

2443.0(6) 5.6(6) 0.83(12) (E2/M1) 5/2− 3/2−

2577.0(3) 1809(1) 1.6(5) 7/2− 5/2−

2577.1(4) 100(3) 1.26(6) 1.03(6) 1.00(6) 0.97(5) E2 7/2− 3/2−

3229.6(3) 2460.1(7) 4.8(3) 1.32(12) 7/2−b 5/2−

3230(1) 2.5(2) 7/2− 3/2−

3361.8(3) 784(1) 1.0(5) 7/2−b 5/2−

2593.4(7) 5.2(4) 1.35(18) 7/2− 5/2−

3362(1) 0.8(2) 7/2− 3/2−

3701.1(4) 1124.0(3) 10(1) 0.71(6) 0.72(12) 0.70(12) 0.63(8) 0.62 -0.02(12
9 ) ∆I = 1 9/2 7/2−

2933(1) 2.0(4) 1.20(27) 9/2 5/2−

3712.9(3) 483.1(2) 3.9(4) 0.53(5) E2/M1 9/2− 7/2−

1135.9(3) 14(1) 0.92(6) 0.79(10) 0.80(10) 1.05(11) 0.62 -0.15(9) E2/M1 9/2− 7/2−

1270.2(3) 5.7(3) 1.28(17) 9/2− 5/2−

3864.3(3) 151.3(2) 1.1(2) 11/2− 9/2−

163.1(5) 0.3(1) 11/2− (9/2)
1287.3(3) 74(2) 1.18(6) 0.94(6) 0.94(5) 1.00(5) E2 11/2− 7/2−

4025.3(4) 3257(1) 4.1(5) 1.10(14) 9/2−c 5/2−

4185.4(3) 471.6(7) 0.6(1) 9/2−c 9/2−

823.6(5) 0.9(2) 9/2− 7/2−

957(1) 0.7(3) 9/2− 7/2−

1608(1) 2.3(3) 9/2− 7/2−

1744(1) 0.5(2) 9/2− 5/2−

3417(1) 1.4(3) 9/2− 5/2−

4363(3) 3595(3) 0.4(1) 5/2−

4501.0(3) 475.7(2) 1.6(2) 0.58(6) E2/M1 11/2− 9/2−

636.4(2) 4.6(3) 1.22(10) 1.15(13) 1.23(16) 1.03(11) 0.64 ∼ -0.5 ∆I = 0 11/2− 11/2−

788(1) 0.7(2) 11/2− 9/2−

800.5(6) 1.0(2) 0.50(10) ∆I = 1 11/2− 9/2
1139.2(4) 4.2(6) 1.14(24)d 11/2− 7/2−

1272(1) 0.8(3) 11/2− 7/2−

1924(1) 4(1) 1.32(11) 1.01(13) 1.16(17) 1.14(15) d E2 11/2− 7/2−

4535(2) 3767(2) 0.8(2) 5/2−

4710.0(3) 845.7(2) 4.3(6) 0.92(10)d 1.08(17) 0.95(17) 1.09(15) d 11/2− 11/2−

2133.2(7) 2.4(3) 1.20(22) 1.05(24) 1.15(28) 0.98(20) d (E2) 11/2− 7/2−

4939.5(3) 229.5(2) 2.5(3) 0.50(5) 1.00(26) 0.70(21) 1.03(23) 0.65 -0.1(3) E2/M1 13/2− 11/2−

438.1(2) 5.2(3) 0.47(5) 0.55(16) 0.59(14) 0.80(16) 0.65 +0.1(2) E2/M1 13/2− 11/2−

754.1(2) 3.9(3) 0.88(20)d 13/2− 9/2−

1075.1(3) 19(1) 1.45(9) 1.18(8) 1.08(10) 1.08(10) 0.65 -1.4(8) E2/M1 13/2− 11/2−

1226.8(3) 19(1) 1.16(9) 0.97(10) 0.92(12) 1.01(10) E2 13/2− 9/2−

5124(2) 589(1) 0.4(2)
5314.9(5) 1614.0(5) 4.0(8) 2.06(24) (11/2) 9/2
5318.6(3) 378.9(2) 3.8(2) 0.58(6) 0.73(19) 0.77(19) 0.92(16) 0.66 -0.06(11

9 ) E2/M1 15/2− 13/2−

1454.7(4) 28(1) 1.22(7) 0.94(6) 0.98(6) 1.04(6) E2 15/2− 11/2−

5367.9(3) 427.7(4) 1.0(2) 1.34(35) 13/2− 13/2−

657.8(3) 2.8(2) 0.58(8) 0.79(26) 0.70(28) 0.81(21) 0.66 0.0(2) E2/M1 13/2− 11/2−

1183(1) 0.7(3) 13/2− 9/2−

1343(1) 0.8(2) 13/2− 9/2−

1505(1) 1.4(3) 13/2− 11/2−

5513.0(3) 194.2(2) 2.0(5) 0.68(10) 0.99(37) 0.83(27) 1.35(45) 15/2− 15/2−

573.4(2) 34(1) 0.61(4) 0.78(6) 0.64(5) 0.80(5) 0.66 0.00(5
4) E2/M1 15/2− 13/2−

1649.1(3) 12(1) 1.17(8) 0.98(9) 1.03(12) 0.96(8) E2 15/2− 11/2−
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Table 6. Continued

Ex Eγ Irel R30−83 RDCO α2
a δ(E2/M1) Mult. Iπi Iπf

(keV) (keV) (%) 30◦-53◦ 30◦-83◦ 53◦-83◦ Ass. (h̄) (h̄)

5661.2(3) 293.2(2) 2.5(2) 0.46(6) 1.04(35) 0.73(27) 0.76(22) 0.66 0.0(2) E2/M1 15/2− 13/2−

722.1(4) 1.8(4) 0.85(8)d 15/2− 13/2−

1160.2(2) 7.2(3) 1.09(26) 1.16(34) 1.12(26) E2 15/2− 11/2−

6158.2(6) 843.4(6) 0.9(3) 1.29(21)d (13/2) (11/2)
2456(1) 4.3(4) 1.41(26) (E2) (13/2) 9/2

6357.6(8) 845(1) 1.6(6) 0.92(10)d 1.08(17) 0.95(17) 1.09(15) d 15/2−

6418.7(4) 757.6(6) 2.4(4) 0.64(38)d (E2/M1) 17/2− 15/2−

905.7(2) 21(1) 1.03(6) 1.27(11) 0.96(11) 0.80(8) 0.68 -3.9(7
10) E2/M1 17/2− 15/2−

1100.1(3) 11(1) 0.25(3) 0.40(6) 0.20(3) 0.56(5) 0.68 +0.94(18
13) E2/M1 17/2− 15/2−

1480(1) 1.3(3) 17/2− 13/2−

6694(1) 2830(1) 1.9(3) 1.54(20) 11/2−

7038.4(6) 880.0(4) 1.6(3) 0.97(16) (15/2) (13/2)
1723(1) 2.0(3) 1.35(27) (15/2) (11/2)
2098(2) 0.9(2) (15/2) 13/2−

7142.3(5) 723.1(4) 2.3(5) 0.85(8)d 1.27(30) 1.13(29) 0.83(23) d (17/2−) 17/2−

785(1) 1.5(5) (17/2−)
1631(1) 2.5(5) 0.92(11) 1.10(26) 0.56(16) 0.85(16) 0.69 -0.1(2) (E2/M1) (17/2−) 15/2−

1823(1) 0.6(2) d (17/2−) 15/2−

7452.5(4) 1033.5(3) 10(1) 1.17(17) 1.44(27) 1.19(18) 0.70 -1.2(6
9) (E2/M1) 19/2− 17/2−

1939.3(5) 10(1) 0.89(17) 0.97(23) 1.04(21) E2 19/2− 15/2−

2133.7(6) 3.9(4) 1.05(24) 1.15(28) 0.98(20) d (E2) 19/2− 15/2−

7813.7(6) 775.2(4) 3.4(3) (17/2) (15/2)
1656(1) 1.8(3) (17/2) (13/2)
2496(1) 2.8(3) 0.83(25) 0.71(23) 0.67(17) 0.71 0.0(2) (∆I = 1) (17/2) 15/2−

8038.2(4) 585.3(3) 1.5(2) 0.68(18) (19/2) 19/2−

1621(1) 3.3(5) d (19/2) 17/2−

2526(1) 2.2(4) (19/2) 15/2−

8271(1) 2952(2) 2.2(3) ¿ 1 15/2−

8342.9(4) 890.3(3) 5.0(6) 1.42(29) 1.07(25) 0.91(19) (E2/M1) 21/2− 19/2−

1924.4(5) 21(2) 1.01(13) 1.16(17) 1.14(15) d E2 21/2− 17/2−

8548.3(7) 734.7(2) 4.0(2) 0.93(19) 0.73(18) 0.86(16) 0.72 -0.18(12) E2/M1 (19/2) (17/2)
1509(1) 0.7(2) (19/2) (15/2)

8673(2) 3354(2) 1.4(2) 1.09(42) 0.92(47) 0.86(29) (E2) (19/2−) 15/2−

8887.9(9) 545(1) 0.6(2) (21/2−) 21/2−

1745(1) 4.0(4) 1.19(37) 0.93(30) 1.22(34) (E2) (21/2−) (17/2−)
9482.7(7) 934.3(3) 2.7(3) (19/2)
9494.3(5) 1151.4(4) 4.8(3) 0.87(21) 1.46(62) 1.39(40) (E2/M1) 23/2− 21/2−

2041.6(6) 6.5(5) 1.10(24) 1.24(32) 1.07(27) E2 23/2− 19/2−

9529.7(8) 981.5(5) 1.0(3)
1259(1) 0.7(2)

9855.6(8) 967.5(5) 1.4(4)
1818(1) 2.8(3) d

10210(1) 1867(1) 1.7(3)
11217(1) 1688(1) 1.2(3)

1734(1) 1.4(4)
11248(1) 1754(1) 0.5(3) (25/2−) 23/2−

2905(1) 3.7(2) 0.79(17) 1.16(30) 1.06(22) (E2) (25/2−) 21/2−

12545(1) 1298(1) 1.3(3) (25/2−)
2335(2) 1.4(3)
3049(3) 0.6(1) 23/2−

aThe attenuation coefficients were fixed using the relation α2 = 0.55 + 0.02 · Ex(MeV) and uncertainties ∆α2 ± 0.05
bAssignment also based on [32]
cThe spin and parity assignment of this intermediate level is based on a known spin difference of four (six) between the initial
and final states of a γ-ray cascade consisting of two (three) transitions assuming that only transitions with ∆I ≤ 2 are observed
dDoublet structure
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Fig. 3. The proposed partial experimental level scheme of 54Fe is shown in a. The energy labels are given in keV. The widths
of the arrows are proportional to the relative intensities of the γ rays. Tentative transitions and levels are dashed, b illustrates
the calculated level scheme using the experimental excitation and γ-ray transition energies and intensity population pattern
but calculated transition strengths. Transitions which have not been observed but could have been in terms of their predicted
yield are labelled with their energy in keV, c compares experimental and calculated level energies for the yrast (left) and yrare
(right) states. For details see text
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Fig. 4. a–d. Gamma-ray spectra of 54Fe are
shown deduced from γγ matrices gated by two α
particles and two protons: Sum of the spectra in
coincidence with the 411, 1130, and 1408 keV tran-
sitions (6+ → 4+ → 2+ → 0+ yrast sequence)
employing a the backed and b the unbacked tar-
get data. c is the spectrum gated by the 197 keV
9+ → 10+ yrast transition, d the sum of the spec-
tra gated by the 572 and 929 keV transitions (’M1’
band)

their R30−83 values and the existence of the compara-
tively weak parallel 3 MeV branches. However, the lack of
intense stretched E2 gating transitions prevented a con-
ventional DCO-analysis of this part of the level scheme.
Instead, we used the summed spectra gated by the 197
and 1248 keV stretched ∆I = 1 transitions to gain fur-
ther evidence for the spin and parity assignments. One
expects RDCO values close to unity if the mixing ratios
for both the gating and analysed transition were small. In
fact, this seems to be the case for the transitions of inter-
est which are marked with the tablenote f in Table 2. The
R30−83 value of the upmost 2074 keV transition in this
cascade is consistent with an E2 assignment based on the
previously (cf. Sect. 2) suggested trend of the increasing
alignment width σ. However, the lack of additional num-
bers or arguments prevents a firm spin assignment to the
14388 keV level. This, for example, is possible for the ten-
tative 12+ assignment to the 10131 keV level. The R30−83

values of the 1323 and 2112 keV transitions are consistent
with stretched ∆I = 1 transitions, and the tentative feed-
ing 2183 keV line allows only for spin assignments 12 or

13. The latter, however, can be excluded from yrast argu-
ments because the 10131 keV state is only weakly popu-
lated though it were yrast by almost 1 MeV in that case.

2.2 Experimental results for 54
27Co27

Excited states in 54Co have previously been studied with
light ion induced reactions [25]. Above the I = 0+ (T = 1)
ground state a second β-decaying I = (7)+ state has been
observed at 199 keV excitation energy. Other firmly es-
tablished levels are the I = 1+ and I = 2+ states at
937 and 1446 keV, respectively. The level scheme result-
ing from our high-spin study is shown in Fig. 5a and
summarized in Table 3. The middle panel in Fig. 6 illus-
trates a “purified” 54Co spectrum. From a 2α1p1n-gated
γ-ray spectrum leak through from higher-fold charged-
particle channels (e.g., 53Fe+2α2p1n or 50Mn+3α1p1n)
was subtracted. Secondly, contaminations arising from
small target impurities (< 0.6% 29Si, < 0.4% 30Si) were
eliminated. For example, transitions from the reaction
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Table 7. The energies of excited states in 58Cu, the transition energies and relative intensities of the γ rays placed in the level
scheme, angular distribution and the DCO-ratios, and the spins and parities of the initial and final states of the γ rays

Ex Eγ Irel R30−83 RDCO Iπi Iπf
(keV) (keV) (%) 30◦-83◦ (h̄) (h̄)

443.5(2) 443.5(2) 100(3) 1.11(5) 0.90(9) 3+a 1+

1548.8(3) 1105.0(3) 29(1) 0.47(5) 0.55(10) 4+a 3+

1646.7(7) 1647(1) 10(1) 3+b 1+

2064.4(3) 418(1) 8(1) 5+ 3+

515.4(3) 26(1) 0.37(3) 0.54(7) 5+ 4+

1621.2(4) 60(2) 1.20(8) 1.08(8) 5+ 3+

2919.6(5) 2476.4(8) 14(1) 1.30(13) 1.17(16) 5+ 3+

3420.1(5) 500.5(3) 6(1) 1.01(20) 7+ 5+

1355.6(4) 75(2) 1.26(8) 1.09(10) 7+ 5+

3512(2) 592.0(5) 3(1) 5+

4064.7(6) 1145.2(5) 9(1) 1.23(20) 0.95(30) (7+) 5+

2000(1) 15(1) 1.39(19) 0.94(32) (7+) 5+

4440.4(6) 1020.4(4) 42(2) 0.91(5) 0.77(12) 8+ 7+

5189(2) 3125(3) 2(1) 5+

5346.9(8) 906(1) 8(1) 0.70(17) 9+ 8+

1927(1) 33(2) 1.20(10) 1.05(15) 9+ 7+

5574.0(7) 1509.3(5) 16(1) 1.21(12) (7+)
6386.2(9) 1039(1) 5(1) 0.86(17) 10+ 9+

1946(1) 24(2) 1.43(16)c 1.10(16) 10+ 8+

6585(2) 1396(1) 1(1)
3073(3) 2(1)

6793(1) 1446(1) 6(1) 1.74(34) (9) 9+

7391(1) 2044(2) 19(2) 1.35(17)c 1.22(25) (11+) 9+

8126(1) 1740(1) 12(1) 0.97(15) 0.78(20) (11) 10+

8226(1) 2652(2) 4(1)
3035(3) 2(1)

8486(2) 2100(2) 9(1) 1.25(16) 1.34(47) (12+) 10+

8880(2) 1489(1) 5(1) (11+)
2087(2) 4(1) (9)

8915(1) 2330(2) 1(1) J
9679(3) 2288(2) 7(1) (11+)
9745(1) 830.2(3) 22(1) 1.13(12) 0.90(24) J + 2 J

1519(1) 5(1) 1.24(34) J + 2
4171(3) 6(1) 1.46(25) J + 2

9803(1) 1317(1) 4(1) (12) (12+)
1677(1) 8(1) 0.80(32) 1.22(30) (12) (11)

10775(3) 1895(1) 6(1)
10942(1) 1197.3(5) 30(2) 1.25(11) 1.13(19) J + 4 J + 2
11552(3) 3066(3) 3(1) (12+)
11841(2) 2038(2) 6(1) 1.35(17)c (12)
12519(1) 1576.4(4) 28(1) 1.41(14) 0.98(12) J + 6 J + 4
13128(4) 2353(2) 3(1)
14474(2) 1955(1) 24(1) 1.43(16)c 1.04(22) J + 8 J + 6
14880(4) 3039(3) 3(1)
16816(3) 2342(2) 16(1) 1.44(16) 1.21(40) (J + 10) J + 8
19564(3) 2748(2) 8(1) 1.40(23) (J + 12)d (J + 10)
22745(5) 3181(3) 2(1) (J + 14)d (J + 12)

aAssignment also based on [36]
bThe spin and parity assignment of this intermediate level is based on a known spin difference of four (six) between the initial
and final states of a γ-ray cascade consisting of two (three) transitions assuming that only transitions with ∆I ≤ 2 are observed
cDoublet structure
dAssignment suggested by rotational band structure
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Fig. 5. The proposed partial experimental
level scheme of 54Co is shown in a. The en-
ergy labels are given in keV. The widths of the
arrows are proportional to the relative inten-
sities of the γ rays. Tentative transitions and
levels are dashed. b illustrates the calculated
level scheme using the experimental excita-
tion and γ-ray transition energies and intensity
population pattern but calculated transition
strengths. Transitions which have not been ob-
served but could have been in terms of their
predicted yield are labelled with their energy in
keV. The even-spin members of the f7/2 mul-
tiplet (0+, 2+, 4+, and 6+) are T = 1 states.
Part (c) compares experimental and calculated
level energies. For details see text

29Si(36Ar,2α1p1n)55Co could be subtracted by using the
spectrum from the main reaction producing 55Co, namely
28Si(36Ar,2α1p)55Co. In fact, for 54Co the latter turned
out to be the main source of contamination because the
evaporation of an additional particle in excess of those four
necessary to populate 54Co is highly unlikely in terms of
(excitation) energy.

Next to the known γ rays at 260, 376, 508, 831, (845),
937, and 1688 keV [25] the spectrum in Fig. 6b reveals
two distinct peaks at 1556 and 2974 keV. The latter is a
doublet with the most intense 2973 keV 11/2− → 7/2−
ground-state transition in the 55Co+2α1p reaction chan-
nel (see below). Figure 6c presents the spectrum in coin-
cidence with the 2974 keV line in a 2α1p1n gated matrix.
Firstly, a coincidence with the 1556 keV transition is ob-
vious, a peak at 1875 keV visible, and one at 2514 keV
possible. Secondly, it is noteworthy that transitions orig-
inating from 55Co are absent, in particular those at 739
and 801 keV (cf. Fig. 7). This is a clear indication of the
extremely good channel selectivity achieved for this ex-
periment which arises from restrictive hard- and software
neutron gating. The sudden drop in intensity beyond the

1556 keV line is somewhat surprising, but is probably re-
lated to the excitation energy arguments mentioned above.

Due to its very similar energy and large yield we at-
tribute the 2974 keV transition in 54Co with the decay of
a core excited I = (9+) high-spin state upon the I = (7)+

T = 0 level. The ratio R30−83 for the 1556 keV transition
is consistent with stretched quadrupole character, and co-
incidence relations with the 1875 and 2514 keV lines give
rise to the high-spin part of the level scheme on the left
hand side of Fig. 5a. Coincidence, intensity, and summed
energy relations were used to establish the low-spin se-
quence of 54Co shown on the right hand side of Fig. 5a. In
the upper panel of Fig. 6 the spectrum in coincidence with
the 937 keV 1+ → 0+ ground-state transition illustrates
the 260-831-376-508 keV cascade on top of the 937 keV
1+ state. In addition, another previously reported line at
845 keV is seen, but could not be established due to low
statistics. In a spectrum gated by the 1688 transition small
peaks are present at 764 and 1025 keV which are candi-
dates for the decay into the 1887 keV (5+) state from
the 2911 keV (6+) and 2651 keV (4+) levels, respectively.
These three and the 1821 keV (3+) state were known
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Fig. 6. Gamma-ray spectra of 54Co are shown de-
duced from γγ matrices gated by two α particles,
one proton, and one neutron: The spectrum in co-
incidence with the 937 keV transition (’low-spin’
sequence) is shown in a, the spectrum in coinci-
dence with the 2975 keV transition (’high-spin’ se-
quence) in part c. The middle panel provides the
purified 2α1p1n gated projection

[25], and our excitation energies and tentative spin as-
signments (see Table 3) are consistent with the published
numbers. However, in a recent 54Fe(p,nγ)54Co study [27]
the 831 keV transition was found to be a doublet which
might lead to a reorder of the γ rays above the 1821 keV
state. This sequence, of course, can only be weakly popu-
lated in high-spin studies due to yrast arguments.

2.3 Experimental results for 55
27Co28

Next to a number of low-spin studies [28] a few high-
spin states were previously reported for 55Co, namely
a 740-802-2974 keV cascade, tentatively assigned to the
(19/2−) → (15/2−) → (11/2−) → 7/2− yrast sequence
[29]. The additional tentative transition of 1951 keV could
not be confirmed in the present work and might reflect
the double-escape peak of the reported 2974 keV ground-
state transition. The other three transitions were con-
firmed (739, 801, and 2973 keV in the present work) but
the spin assignment of the 4514 keV level changed to
Iπ = 17/2− since the angular distribution analysis, the
ratio R30−83 =0.93(5), and the DCO-ratios of the 739 keV
transition provide a E2/M1 transition with a mixing ra-
tio of δ = −0.22(4) (cf. Fig. 2). In addition, some 100 new
transitions have been placed in the extensive level scheme
of 55Co shown in Fig. 7a. The information is summarized
in Table 4.

Next to the 739-801 keV couple a parallel 778-763 keV
sequence via the yrast 3737 keV 13/2− state has been

observed. The existence and the intensity of a 38 keV
15/2− → 13/2− transition can be inferred form the coin-
cidence relation between the 739 and 763 keV lines. This
is illustrated in Fig. 8a which shows the γ-ray spectrum in
coincidence with the 739 keV transition, two alpha parti-
cles, and one proton using the backed target data. Figure
8b provides the spectrum of the thin target experiment
and the same gating conditions. The 763 keV line is a
doublet with the 766 keV 21/2 → 19/2−4 transition but
the latter is absent in Fig. 8a because the half life of its
decay is apparently very fast, thus fully Doppler shifted.
The spectrum in Fig. 8a provides additional sharp peaks
at 511 keV (e+e− annihilation radiation) and 2462 keV
(single escape line of the 2973 keV ground-state transi-
tion) but also several peaks with a broad pedestal (due to
partial Doppler shift) at 857, 1350, 1707, 1752, 2083, 2128,
and 3319 keV. As can be seen in Fig. 7a they form the
yrast and near yrast cascades between the 9699 keV 25/2−
and the 4514 keV 17/2− levels. Because of the presence
of both stopped and Doppler-shifted components in the
lineshape the (accumulated) lifetimes of the corresponding
states have to be on the order of one or two picoseconds.

For the majority of levels below 10 MeV excitation en-
ergy the spin and parity assignments are straight forward
based on the angular distribution and angular correlation
values given in Table 4. Beyond 10 MeV a definite spin and
parity assignment is possible only for the 10580 keV 25/2−2
level since the mixing ratios of the 1890 and 2231 keV tran-
sitions were found to be non-zero. In several other cases
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Fig. 7. The proposed partial experimental level scheme of 55Co is shown in a. The energy labels are given in keV. The widths
of the arrows are proportional to the relative intensities of the γ rays. Tentative transitions and levels are dashed. b illustrates
the calculated level scheme using the experimental excitation and γ-ray transition energies and intensity population pattern
but calculated transition strengths. Transitions which have not been observed but could have been in terms of their predicted
yield are labelled with their energy in keV, c compares experimental and calculated level energies. For details see text
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Fig. 8. a–d. Gamma-ray spectra of 55Co are
shown deduced from γγ matrices gated by two
α particles and one proton: Spectrum in coinci-
dence with the 739 keV 17/2− → 15/2− yrast
transition employing a the backed and b the
unbacked target data, c is the spectrum gated
by the 976 keV 29/2→ 27/2 transition, d the
spectrum gated by the 4812 keV transition

(e.g., the 766 keV 21/2→ 19/2−4 or 1783 27/2→ 25/2−2 )
the mixing ratios are consistent with zero and, hence, no
definite parity assignments are possible for a number of
states on the left hand side of Fig. 7a. The additional
argument to fix the parity, namely to attribute ∆I = 2
transitions solely with E2 character, might be dangerous
as one expects comparatively strong M2 connections in
this mass region between the g9/2 and f5/2 orbits [30].
They would give rise to weak but observable M2 branches
through preferably high energy γ rays such as, possibly,
the 4013 or 4075 keV transitions.

Similar to the regular structure found in 54Fe the levels
at 11908, 12363, 13339, and 14672 keV might form a reg-
ular ∆I = 1 sequence. Though the average difference in
γ-ray energy supports such an assignment, the additional
decay of the top-most level via the 1837 keV transition
speaks against it. Figure 8c provides the spectrum in co-
incidence with the 976 keV 29/2 → 27/2 line showing
that this sequence is comparatively strongly populated,

i.e., there is sufficient statistics to not only establish firm
coincidence relations high up in the 55Co level scheme but
to perform a reliable angular correlation analysis as well.
The latter is no longer possible for the weakly populated
high-spin structures on the right hand side of Fig. 7a: as an
example, the spectrum in coincidence with the 4812 keV
transition is illustrated in Fig. 8d. Though statistics are
low, the coincidence relations are undoubtful because, e.g.,
even the weak 516-3319 keV branch out of the 8349 keV
23/2− state can be observed in Fig. 8d.

2.4 Experimental results for 56
28Ni28

The highlights of the results in 56Ni from the present ex-
periment are published separately [10]. They include the
observation of two rotational bands one of which is likely
to have a some 50% prompt proton decay branch into the
ground state of 55Co. Light ion induced reactions [1] have
been previously used to establish the yrast line up to a
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Fig. 9. A partial experimental level scheme
of 56Ni is shown in a. The rotational bands
[10] are not shown. The energy labels are
given in keV. The widths of the arrows are
proportional to the relative intensities of
the γ rays, b illustrates the calculated level
scheme using the experimental excitation
and γ-ray transition energies and intensity
population pattern but calculated transi-
tion strengths. Transitions which have not
been observed but could have been in terms
of their predicted yield are labelled with
their energy in keV. c compares experimen-
tal and calculated level energies. For details
see text

level at 9419 keV which was tentatively associated with
the yrast 10+ state [31]. We confirmed this work and ex-
tended the spherical part of the 56Ni level scheme to some
15 MeV excitation energy and spin I = 14. In addition,
yrare (8+) and (10+) states were identified as illustrated
in Fig. 9a. Up to the 9419 keV state firm spin and parity
assignments were feasible. The ratios R30−83 and/or the
DCO-ratios for the 2377, 2908, and 2941 keV transitions
are consistent with stretched E2 transitions as well. For
the sake of simplicity, the deformed states in 56Ni have not
been included in Fig. 9a but in Table 5 which summarizes
our present high-spin knowledge on 56Ni.

2.5 Experimental results for 57
28Ni29

Until recently, excited states in 57Ni were studied only by
proton, 3He, or α-particle induced reactions [32]. Next to
numerous low-spin states (I = 1/2–9/2) above the 3/2−
ground state, the high-spin yrast cascade was followed up
to the 15/2− state at 5318 keV excitation energy [29].
In a study employing the Osiris γ-ray spectrometer cou-
pled to a recoil filter detector this crude excitation scheme
was extended to a state at 8345 keV with a spin assign-
ment of 19/2, and including a number of yrare states in
the 3–6 MeV excitation energy regime [33]. Except for
the spin assignment of the (here:) 8343 keV state (which
turns out to be 21/2−) our excitation scheme presented in
Fig. 10a is in perfect agreement with [33]. Some 60 tran-
sitions were added which mainly connect newly identified

yrare levels but also extend the excitation energy to some
13 MeV. The results are summarized in Table 6. It should
be noted that a preliminary analysis of data from another
Gammasphere experiment indicates the presence of a
(super)deformed rotational band in 57Ni at even higher
excitation energies [34].

Figure 11 shows γ-ray spectra gated with one α-
particle, two protons, and one neutron in coincidence with
(a) the 768 keV ground-state transition, (b) the sum of the
low-spin 1287 and 2577 keV intense yrast transitions, (c)
the high-spin 1151 keV 23/2− → 21/2− transition, and
(d) the 1124 keV transition depopulating the 3701 keV
state which is the daughter state of the 58Cu prompt pro-
ton decay (see below). Panel (a) employs the backed tar-
get data while panels (b), (c), and (d) arose from the data
taken with the thin target. Figure 11a mainly illustrates
the weakly populated yrare levels on the left hand side of
Fig. 10a. The 15/2− states and possibly those of lower ly-
ing states have lifetimes in excess of a picosecond since the
connecting transitions do not show any sign of Doppler
shifted components. Figure 11b shows the plethora of γ
rays associated with 57Ni, and Fig. 11c selects the yrast
cascade. Note that in this panel the tentative weak 1754
and 3049 keV transitions are present. Finally, Fig. 11d
shows the line in connection with the right hand side of
the 57Ni level scheme. In addition to transitions from 57Ni,
the γ rays from the well-deformed, proton decaying band
in 58Cu are present at 830, 1197, 1576, 1955, and 2342 keV.
They are marked with a filled circle. It should be noted
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Fig. 10. The proposed partial experimental level scheme of 57Ni is shown in a. The energy labels are given in keV. The widths
of the arrows are proportional to the relative intensities of the γ rays. Tentative transitions and levels are dashed. b illustrates
the calculated level scheme using the experimental excitation and γ-ray transition energies and intensity population pattern
but calculated transition strengths. Transitions which have not been observed but could have been in terms of their predicted
yield are labelled with their energy in keV. For details see text
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Fig. 11. a–d. Gamma-ray spectra of 57Ni are
shown deduced from γγ matrices gated by one α
particle, two protons, and one neutron: Spectrum
in coincidence with the 768 keV 5/2− → 3/2−

ground-state transition employing the backed tar-
get data a. b shows the sum of spectra in coin-
cidence with the 1287 and 2577 keV transitions
(11/2− → 7/2− → 3/2− yrast sequence), c cor-
responds to the spectrum gated by the 1151 keV
23/2− → 21/2− yrast transition, d the spectrum
gated by the 1124 keV transition. The 1124 keV
transition depopulates the daughter state of the
prompt proton decay of 58Cu. Hence, the transi-
tions from the corresponding rotational band [4]
are present, marked with •

that in the backed target data the 1124 keV transition is
stopped, while all other higher-lying transitions in Fig. 11d
provide distinct Doppler-shifts.

The combination of previous low- and high-spin results
[32,33] and the present angular correlation and angular
distribution analysis leads to definite spin and parity as-
signments of almost all states below 6 MeV excitation en-
ergy. There are, however, inconsistencies between the low-
spin particle spectroscopy and the high-spin γ-ray data
with respect to the assignments of the “doublet” at 3701
and 3713 keV excitation energy. The latter state has ten-
tative positive parity assigned in [32] while the previous
and present high-spin study consistently yield 9/2−. Our
assignment is mainly based on the angular correlation co-
efficients of the 1136 keV 9/2− → 7/2− transition (see
Table 6). This is illustrated in the third column of Fig. 12
which provides the angular distributions (first row), the
associated χ2 analysis of the mixing ratio δ (second row),
and the analysis of the mixing ratio δ based on the most
sensitive DCO-ratio RDCO(30-83) (third row) for a mul-
tiplet of stretched ∆I = 1 transitions at some 1120 keV

and the stretched E2 1227 keV 13/2− → 9/2− line. The
lines through the data points in the first row are least
squares fits to the angular distribution formula (1). The
middle, slightly thicker curves in the χ2 plots correspond
to the analysis with the calculated (see above) width σ of
the Gaussian magnetic substate distribution. At the top of
each column the corresponding alignment coefficient α2 is
given. The thinner curves represent calculations with the
upper and lower limit of σ while the grey shaded areas
indicate possible solutions for the mixing ratio δ. From
the combined angular distribution and correlation analy-
sis we deduce a non-zero mixing ratio δ = −0.15(9) for the
1136 keV transition, hence mixed E2/M1 character, i.e.,
negative parity and spin I = 9/2 for the 3713 keV state.

In the evaluation of [32] the 3701 keV state has a spin-
parity assignment of Iπ = (5/2)−. The previous high-
spin study, however, allows I = 7/2 or 9/2 but no par-
ity assignment [33]. This level represents the (so far) ex-
clusively populated daughter state of the prompt proton
decay from the second minimum of 58Cu (see below and
[4]). Therefore, we paid special attention to the analysis
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Fig. 12. The angular distribution and cor-
relation analysis of four transitions in 57Ni
is presented. The first row illustrates least
squares fits of Legendre polynomials ac-
cording to formula (1). The middle row
shows the associated χ2 analysis of the mix-
ing ratio δ. The thicker curves correspond
to the analysis with the calculated width
σ of the Gaussian magnetic substate dis-
tribution. At the top of each column the
corresponding alignment coefficient α2 is
given. The thinner curves represent calcu-
lations with the upper and lower limit of σ
while the grey shaded areas indicate pos-
sible solutions for the mixing ratio. In the
third row the mixing ratio deduced from
the most sensitive DCO-ratio RDCO(30-83)
is shown (cf. Fig. 2)

of the 1124 keV γ ray, illustrated in the second column
of Fig. 12. This transition carries most of the flux out of
the 3701 keV level, and its multipolarity was found to be
of stretched ∆I = 1 character. An I = 5/2 assignment
for the 3701 keV state is highly unlikely because of yrast
arguments: The level is more strongly populated in 57Ni
itself (only some 6(1)% of the yield of the 1124 keV transi-
tion is due to the proton decay) than, e.g., the first excited
I = 5/2− state at 2443 keV. Therefore, we assign a spin
I = 9/2 to the 3701 keV state, in agreement with [33].
However, the deduced mixing ratio of the 1124 keV tran-
sition is consistent with zero, i.e., we cannot distinguish
between stretched M1 or E1 character, thus we cannot
fix the parity of the 3701 keV state with the present data
set. Nevertheless, three arguments favor positive parity for
that level. Firstly, two Iπ = 9/2− states only 12 keV apart
seem not very reasonable due to level repulsion. Secondly,
in the odd-A neighbors 59Ni and 59Cu g9/2 single-particle
states have been observed at 3.1 MeV excitation energy
[35]. Thirdly, the rotational band in 58Cu is most likely
based on a deformed [πg9/2 ⊗ νg9/2]9+ configuration [4],
and the angular distribution of the emitted proton sug-
gests a large angular momentum associated with the de-
cay, i.e., likewise the proton in the g9/2 orbit. In turn, this
leaves a single neutron in the g9/2 orbit, and we associated
the 3701 keV level with the νg9/2 spherical single particle
state. If the 3701 keV state had a distinct quadrupole de-
formation we should have observed a rotational band on
top of it, which we have not [see Fig. 10a]. Nevertheless,
the parity of the 3701 keV state needs to be determined
in future experiments. The Iπ = 9/2+ assigment would
lead to an M2 assignment to the weak 2933 keV branch
out of the 3701 keV state. Since this γ ray would connect
the g9/2 and f5/2 neutron single particle states of the 56Ni
core, it should resemble the strongest M2 decay possible
in the mass region [30].

Definite spin and parity assignments of a few more
yrast levels beyond 6 MeV excitation energy were fea-
sible, but for most of the higher lying transitions only
tentative multipolaritiy assignments were possible due to

reduced statistics. The unusually large R30−83 value of
the 1614 keV line feeding the 3701 keV state could be ex-
plained by a large negative E2 admixture of a stretched
∆I = 1 transition similar to the 2231 keV 25/2− → 23/2−
transition in 55Co.

2.6 Experimental results for 58
29Cu29

Similar to 56Ni, the highlights of our results concerning
58Cu were published separately [4]. A well-deformed ro-
tational band (β2 ≈ 0.37) was observed which deexcited
both by γ decay into the spherical states of 58Cu, and
by prompt discrete proton emission into the spherical
3701 keV 9/2 level in 57Ni (see above). Prior to our inves-
tigation, only few well characterized low-spin levels were
known from mainly proton or 3He induced reactions on
58Ni targets [36]. As already stated in [4] the level scheme
shown in Fig. 13 is built upon the previously identified
444, 1105, and 1647 keV transitions. The other reported
γ rays, mainly related to the even spin T = 1 58Ni iso-
baric analogue states, are about 1 MeV above the yrast
line and, hence, not accessible in our high-spin study.

Up to the 3420 keV 7+ state the level scheme is domi-
nated by a strong E2 cascade consisting of the 444, 1621,
and 1356 keV transitions, accompanied by three weaker
“bypasses”. Thereafter, a sequence of ∆I = 1 (1020, 906,
and 1039 keV) transition is crossed over by stretched E2
transitions, and finally the level scheme of the spherical
states splits into several weak branches reaching a maxi-
mum excitation energy of some 15 MeV. Spin and parity
assignments are straight forward up to the 6386 keV 10+

level based on the numbers presented in Table 7. Using
the ratios R30−83 the spins of several more states were
suggested, including the 4065 keV (7+) level which forms
the main basis for the linking transitions from the sec-
ond into the first minimum of the potential. The ratio
R30−83 = 1.21(12) of the 1509 keV transition on top of
that state might suggest a spin I = (9) for the 5574 keV
state. A definite spin assignment as well as the confirma-



136 D. Rudolph et al.: High-spin shell-model states near 56Ni

Fig. 13. a The proposed partial level scheme of
58Cu [4] a. The high-spin part of the rotational
band and the γ decay of the 3701 keV 57Ni daugh-
ter state are not shown. b illustrates the calculated
level scheme using the experimental excitation and
γ-ray transition energies and intensity population
pattern but calculated transition strengths. Tran-
sitions which have not been observed but could
have been in terms of their predicted yield are la-
belled with their energy in keV. For details see
text. The three states in the lower left corner have
been seen in low-spin studies. The 0+ and 2+ lev-
els are T = 1 states

tion of several very weak other potential γ-ray links await
improved statistics from upcoming experiments.

3 Discussion

The interpretation of excited states in the vicinity of a
doubly magic nucleus clearly calls for the spherical shell
model. The orbits involved near 56Ni are the 1f7/2 orbit
below and the 2p3/2, 1f5/2, and 2p1/2 (upper fp shell) or-
bits above the N ,Z = 28 shell gap. For this so-called full
fp model space two common parameter sets exist, namely

the FPD6 interaction by Richter, van der Merwe, Julies,
and Brown [37], and the KB3 interaction introduced by
the Madrid-Strasbourg group [38]. Employing the rapidly
increasing computer power and more sophisticated diago-
nalization algorithms [39], the deformed N ≈ Z nuclei in
the mid 1f7/2 shell (up to mass A = 50) could recently be
well explained by large-scale full fp shell-model calcula-
tions [40–44].

Unfortunately, the current computational limit for cal-
culations in the full fp configuration space are mass
A = 52 nuclei [45] with basis dimensions in excess of 100
million states. Therefore, the configuration space for cal-
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culations in the direct vicinity of 56Ni must be truncated
at present: For the recent study of the rotational bands in
56Ni the excitation of up to six particles from the 1f7/2

into the upper fp shell was allowed (basis dimension of
some 25 million states), and the calculations proved very
successful in explaining one of the rotational bands with
a four-particle four-hole (4p-4h) structure [10].

More recent developments try to make a detour around
the problems associated with such huge dimensions in
the model space by tracing the most significant com-
ponents via Monte-Carlo methods. These Shell-Model
Monte-Carlo (SMMC) [46] and Quantum Monte-Carlo Di-
agonalisation (QMCD) [47,48] calculations were very suc-
cessful in describing, e.g., ground state properties of the
fp shell nuclei [49] or the spherical yrast sequence in 56Ni
[50]. The average number of particles occupying the 1f7/2

shell was found to be ∼ 14 for the spherical shell-model
states and ∼ 10 for the first rotational band in 56Ni [51].

However, excited particles moving in the high-j 1g9/2

intruder orbit are necessary to form the strongly or su-
perdeformed bands in the mass region [3,4,10]. Moreover,
the 1g9/2 states have been identified in 59Cu and 59Ni [35]
and probably in 57Ni as well (see Sects. II.E and III.F).
Therefore, attempts should be made to incorporate this
shell in the present fp model space. Of course, this would
imply an additional immense increase in the dimensions
for the conventional shell-model studies, such that a con-
siderable truncation in the number of particles (i) crossing
the N ,Z = 28 gap and (ii) being excited into the 1g9/2

orbit will be unavoidable. Thus the SMMC and QMCD
models may provide the favorable tools for this implemen-
tation.

These up-front theoretical and complicated investiga-
tions are beyond the scope of the present study. Instead,
we performed rather simple shell-model calculations with
the code Ritsschil [52]. Based on the above mentioned
results of the QMCD calculations [50,51] we allow only up
to two particles to be excited across the N ,Z = 28 shell
gap. This keeps the dimension of basis states below some
30000 for all nuclei studied (54,55Fe, 54,55,56Co, 55,56,57Ni,
and 57,58Cu), and enables a comprehensive study of not
only excitation energies but also electromagnetic decay
properties. We used the FPD6 parameter set for the two-
body residual interaction, and our single-particle energies
are based on recent results from Trache et al. [53] [’TRA’
in Fig. 14a]. These authors deduced the “bare” single-
particle energies in 56Ni by coupling (mainly vibrational)
collective core excitations to the closed 56Ni core which
arise from strong E2 correlations between the 1f7/2 and
2p3/2 orbits across the shell gap which soften the dou-
bly magic core considerably [54]. Since these collective
excitations are not included in pure shell-model calcula-
tions, we first carefully modified the single particle ener-
gies of the upper fp shell such that the 3/2− (2p3/2 or-
bit) ground states and first excited 5/2− (1f5/2 orbit) and
1/2− (2p1/2 orbit) states in the mass A = 57 mirror pair
57Cu [32] and 57Ni were reproduced within some 10 keV.
This was achieved by lowering the π1f5/2 and ν1f5/2 by
approximately 1 MeV with respect to the 2p3/2 shells. As

Fig. 14. a–e. An overview of general shell-model quantities
is presented. In a we show the single-particle energies (SPE)
from the original FPD6 parameter set [37], the “bare” single-
particle energies deduced in [53], and those used in the present
calculations. In panel b one finds the mean level deviations
(MLD) and binding energy shifts (BES) of the investigated
nuclei. c illustrates the experimental (solid lines) and calcu-
lated (dashed) binding energies of several nuclei around 56Ni,
d provides a glance over the experimental E2 core excitation
energies while in panel e the percentage of closed core parti-
tions in the wave functions are shown

a consequence, the splitting used between these two or-
bits is very similar to the value suggested for the slightly
modified single-particle energies of the original FPD6 pa-
rameter set (when moving from 40Ca towards 56Ni) [37,
55] [’FPD6’ in Fig. 14a]. In a second step, the gap be-
tween the upper fp shell and the 1f7/2 orbit was lowered
by 2.4 MeV to account for the softness of the core, and
to reproduce the excitation energy of the (presumably)
stretched 2p-2h [(πf−1

7/2 ⊗ νf−1
7/2)7+ ⊗ (πp3/2 ⊗ νp3/2)3+ ]

10+ and [(πf−1
7/2⊗ νf

−1
7/2)7+ ⊗ (πf5/2⊗ νf5/2)5+ ] 12+ yrast

states in 56Ni [’MOD’ in Fig. 14a]. The numbers are sum-
marized in Table 8. Similarly, the KB3 interaction gives
a too large gap at particle numbers 28 [56]. This has led
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Table 8. “Experimental” single-particle energies in MeV from
Ref. [53] and the ones used in the present Ritsschil calculations
for the 40Ca and 56Ni cores and the FPD6 two-body matrix-
elements [37]

Ref. [53] present study
shell 40Ca core 56Ni core 40Ca core 56Ni core

ν1f7/2 −8.17 −16.93 −5.75 −14.51
ν2p3/2 −7.65 −10.36 −7.65 −10.36
ν1f5/2 −1.16 −9.53 −2.10 −10.47
ν2p1/2 −6.39 −8.48 −6.72 −8.81
π1f7/2 1.27 −7.49 3.69 −5.07
π2p3/2 1.72 −0.99 1.72 −0.99
π1f5/2 8.50 0.13 7.56 −0.81
π2p1/2 2.93 0.84 2.60 0.51

to a modified so-called KBF interaction for which all di-
agonal matrix elements connecting the 1f7/2 orbit with
the others are more attractive by 100 keV. To describe
the electromagnetic properties we used effective charges
eπ = 1 + δeπ = 1.33e and eν = 2δeπ = 0.67e [37,57,
58] and effective g-factors geff = 0.9gbare. The transition
strengths were calculated using the experimental γ-ray en-
ergies.

3.1 General notes

Next to the single-particle energies, Fig. 14 provides some
global features of the comparison between the shell-model
calculations and the experimental data. The solid lines
in panel (b) reflect the mean level deviations (MLD),
the dashed lines the binding energy shift (BES) which
is necessary to provide the optimum MLD. The peaking
of the MLD for 56Ni itself and the very small MLD for
the particle-hole nucleus 56Co provide the first evidence
that more (quasiparticle) pair correlations act across the
gap than incorporated in our truncated model. Energeti-
cally 56Ni is still predicted to be a good doubly-magic core
(Ex(2+) = 4955 keV) though the wave functions indicate
a distinct weakeness of the core (see below). In Fig. 14c
the calculated and experimental [59] binding energies are
plotted relative to the 56Ni core. The solid lines corre-
spond to the experimental, the dashed lines to the cal-
culated numbers. Clearly, there is an excellent agreement
for the A ≥ 57 nuclei. However, for each hole relative to
N = Z = 28 some 3.4 MeV binding energy is missing for
the lighter nuclei. This is indicated by the dotted lines for
which we have added 2.4 or 4.8 MeV, respectively, to the
calculated values to account for our (artificial) 2.4 MeV
squeeze of the gap. Nevertheless, the trend within each
family (two, one, or zero holes) is nicely reproduced. Fig-
ure 14d shows the assigned “closed core” states in several
nuclei and the associated energies necessary for the re-
spective core excitation. Below the shell gap this energy
amounts to some 3.0 to 3.5 MeV while it is reduced by
some 500 keV for nuclei with valence particles in the up-
per fp shell. Therefore, these nuclei are likely to have more
pronounced E2 correlations across the gap leading to the

Table 9. Measured [60,61] and predicted electromagnetic mo-
ments near 56Ni

Isotope Iπ µ (µN ) Q (eb)
(h̄) expt theo expt theo

54Fe 2+ +2.40(34) +2.34 −0.05(14) −0.18
6+ 8.22(18) +7.82
10+ +7.281(10) +6.42 +0.291(25) +0.51

55Co 7/2− +4.822(3) +4.62
56Co 4+ 3.856(12) +3.31 +0.25(9) +0.24
57Ni 3/2− 0.88(6) −1.13

−0.7975(14)

somewhat reduced “gap energy”. The presence of such
correlations is elaborated in Fig. 14e which provides the
size of the partition of the “closed core” configuration in
the wave functions of the final states shown in panel (d).
On average they barely amount to 50% which is a surpris-
ingly small value for presumed pure shell-model or even
single-particle states (57Cu, 57Ni). However, it is in accor-
dance with recent results from Monte-Carlo shell-model
calculations [50]. Otsuka and co-workers compute 53% for
the closed core component of the 56Ni ground state while
it amounts to 86% in the case of 48Ca, i.e., the “magicity”
of 56Ni is weakened considerably.

We also calculated the few measured electromagnetic
moments in 54Fe [22–24], 55,56Co, and 57Ni [60]. They
are summarized in Table 9. While the magnetic moments
for states in the lighter nuclei are predicted to be a lit-
tle bit too small (92% on average) the value for the 57Ni
ground state is overpredicted by nearly 30%, i.e., the cho-
sen effective g-factors provide a good compromise. It is
interesting to note that the measured magnetic moment
(|µ| = 0.88(6) µN) of the 57Ni ground state is less than
half the Schmidt value (µ = µfree neutron = −1.91 µN)
[61,62]. Recently its sign could be determined in a pre-
cise nuclear magnetic resonance experiment on oriented
nuclei [61]. Prior to that the experimental value was de-
duced only from ratios of yields of γ rays following the
β decay of 57Ni, detected parallel and perpendicular to
an applied external magnetic field in an low-temperature
nuclear alignment measurement, its sign could not be ex-
tracted [62]. The electric quadrupole moments of the 2+

state in 54Fe and the ground state of 56Co are in agree-
ment with the experimental values. The value for the iso-
meric 10+ state, however, is overpredicted. In contrast, the
calculated lifetime (τ = 673 ns) for this isomer is larger
than the measured one [τ = 525(10) ns], i.e., the effective
charges used provide a good compromise as well.

In Figs. 3b, 5b, 7b, 9b, 10b, and 13b we present “calcu-
lated” level schemes which are based on the experimental
excitation energies and side-feeding patterns but employ-
ing the calculated transition strengths. They are shown
next to the experimentally deduced excitation schemes
to allow for an immediate visual comparison. Gamma-ray
transitions which were predicted with a relative intensity
in excess of the typical observational limit for the respec-
tive reaction channel are added in the panels (b) labelled
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Fig. 15. Experimental and calculated
excitation energies of the N = 29 se-
ries 55Fe, 56Co, 57Ni, and 58Cu are com-
pared

with their energies in keV. Structures which could not be
explained by the shell-model calculations were removed.
The comparisons might lead to ’shell-model assignments’
to experimental levels based on similarly predicted and
observed decay patterns. However, these ’assignments’ are
purely theoretical, i.e., should not be taken as experimen-
tal spin and parity assignments to the respective levels.
Figures. 3c,5c,7c, 9c, and 15 compare the experimental
and theoretical level energies. Tentative experimental lev-
els are dashed, and tentative assignments between ob-
served and calculated levels dotted. Otherwise, they are
connected by thin solid lines. In the following subsections,

the “calculated” level schemes, the energy comparisons,
and important partitions in the wave functions are dis-
cussed separately for the different isotopes.

3.2 Calculations and comparisons for 54Fe

The calculated even-spin yrast sequence up to the
2949 keV 6+ state is in very good agreement with exper-
iment for both excitation energies [cf. Fig. 3c] and tran-
sition strengths. The measured lifetimes [25] are 1.15(4),
5.8(12), and 1753(22) ps for the 2+, 4+, and 6+ states,
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respectively, which have to be compared to the calculated
1.8, 6.0, and 2129 ps. The wave functions of the states in
this sequence are dominated, as expected, by the configu-
rations π(f7/2)−2

0,2,4,6, in each case comprising some 50%.
The next group of yrast levels (I = 7–11) is char-

acterized by 3h-1p configurations with one neutron be-
ing excited across the N = 28 gap such as π(f7/2)−2

4,6 ⊗
ν(f7/2)−1 ⊗ ν(p3/2), with typical partitions of some 40%.
The predicted lifetime of the 10+ isomer is only 1.3 times
the experimental value (see above), and the lifetimes for
the other states agree nicely with experiment, too: the 9+

state should live 18 ps which implies that the lower-lying
transitions (197, 796, 882, 2979 keV) should be emitted
after the recoils came to rest in the backed target ex-
periment [cf. Fig. 4a]. However, the predicted (accumu-
lated) lifetime for the 11+ state is less than 0.2 ps, i.e.,
the 1492 keV 11+ → 10+ transition should be completely
Doppler shifted. The only major discrepancy is the de-
cay of the 7+ state which is predicted to proceed mainly
via the 1895 keV transtition while it is observed via the
2979 keV transition.

To create higher spin states, the excitation of a sec-
ond particle across the gap is necessary. For the 12+–16+

states this particle is predicted to be a second neutron. For
example, the wave function of the 12+ state has a total of
53% in the configuration [π(f7/2)−2

6 ⊗ν(f7/2)−2
6 ]12 with the

two neutrons in the upper fp shell coupled to spin zero.
The yrast 16+ state is dominated (95%) by the coupling of
this four-hole structure to an aligned [ν(p3/2) ⊗ ν(f5/2)]4
configuration. The also possible ν(f5/2)2

4 coupling domi-
nates the second 16+ state which is predicted about 1 MeV
higher in excitation energy. The third possibility involves
an underlying [π(f7/2)−3

15/2 ⊗ ν(f7/2)−1
7/2]11 structure cou-

pled to [π(f5/2) ⊗ ν(f5/2)]5. The corresponding level is
predicted 2 MeV above yrast. The deduced branching ra-
tios of the 12+–14+ yrast states are in excellent agreement
with the observations [cf. Fig. 3b] but their excitation en-
ergies are calculated about one MeV too low. This, how-
ever, might be related to the artificial lowering of the size
of the gap — the generation of high-spin states involves
the breaking of several nucleonic pairs, i.e., the correla-
tions across the shell gap which are present in the ground
state are reduced with increasing seniority. Their strong
feeding clearly identifies the 12+–14+ states as being yrast
and the decay pattern clearly associates them with the
calculated yrast levels. However, in the experiment we do
miss either the 15+ or 16+ state, and the corresponding
part of the positive-parity yrast sequence is not well re-
produced.

The wave functions of the 7+
2 , 8+

2 , 9+
2 , 10+

2 , and 11+
2

levels have similar partitions as those of the yrast levels
but with a significantly higher fraction of a neutron in the
1f5/2 instead of the 2p3/2 shell. Like them the 6+

2 state is
of seniority v = 4 and the decay properties and excitation
energies of all these levels are very well reproduced. The
lifetime of the 7351 keV 9+

2 level is calculated to be 0.6 ps,
i.e., an effective lifetime on the order of τeff = 1 ps is
expected. This is in accordance with the small “pedestal”
of the 487 keV transition in Fig. 4a. The yrare 12+ and

14+ states have leading components of the [π(f7/2)−3
15/2 ⊗

ν(f7/2)−1
7/2]11 hole type. While the decay of the 14+

2 state
is well reproduced, the decay of the 12+

2 is only reasonably
well described, and the excitation energies are predicted
to be too high, just like the yrast states.

Several more low-spin (I = 3-6) states were identified
and the predictions for them illustrated in the lower left
corner of Fig. 3b. Again, the major decay paths are well
described while the calculated energies are now too high.
This can be considered as an indicator for vibrational ad-
mixtures. The mean branching deviation (MBD) [63] for
the levels discussed amounts to 0.14(1). This underlines
the globally good description of the electromagnetic de-
cay properties (cf. [63]) in 54Fe.

Two sequences in the experimental level scheme of 54Fe
[left hand side of Fig. 3a] cannot be described with our
model. In particular, we associate the regular sequence at
high spin to a so-called M1 or “shears” band [64]. In the
mass A ≈ 60 region we expect these bands from the cou-
pling of 1f7/2 holes to 1g9/2 particles. As a consequence,
the whole high-spin part of the level scheme might be in-
fluenced by contributions involving one or two 1g9/2 par-
ticles, and may explain the discrepancies found in, e.g.,
the decay of the 14388 keV state.

3.3 Calculations and comparisons for 54Co

As can be seen from Figs. 5b and c the overall agreement
between the calculated and experimental level scheme and
excitation energies is very good. There are only a few but
noteworthy differences: Firstly, the high-spin core-excited
9+ state is calculated somewhat too high which reflects
the lack of E2 correlations in the shell-model space. The
observed (tentative) even-spin level energies are in excel-
lent agreement with both the calculation and the T = 1
isobaric analogue states in 54Fe (cf. Fig. 3). However, the
decay of the 6+ state is predicted to proceed via the strong
2712 keV isovector M1 transition into the 199 keV 7+

state rather than through the suggested 260 keV transi-
tion into the 4+ state. Similarly, this 4+ is expected to
decay mainly into the 5+ state but is observed to also de-
cay via the 831 keV 4+ → 3+ line. A T = 0 4+ state is
predicted close to the T = 1 4+ level. However, its decay
shall proceed through an excited 3+ level which we do not
observe experimentally.

Most interestingly, however, the T = 0 Iπ = 1+

deuteron-hole like structure in 54Co is predicted 700 keV
too high in energy. In fact, this could be interpreted
as enhanced T = 0 correlations being present in this
odd-odd N = Z nucleus. By making the correspond-
ing π(f7/2) ⊗ ν(f7/2) diagonal two-body matrix-element
900 keV more attractive the problem, of course, can be
cured. However, the question remains whether such a dras-
tic change in the residual interaction can be justified by
one single state since the energies of the other seven levels
of the 1f7/2 multiplet are well described. This aspect is in-
teresting to be studied in more detail but it is beyond the
scope of the present work. From the experimental point of
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view there is an obvious need for more data on both high-
and low-spin states in 54Co to allow for a more compre-
hensive and detailed study.

3.4 Calculations and comparisons for 55Co

The predicted and observed energy levels of the one-
proton-hole nucleus 55Co and their decay properties are
compared in Figs. 7b and c. At low excitation energies
there is a multiplet of yrast 9/2−-15/2− levels predicted
around 4 MeV. The 9/2− and 11/2− states are observed
about 1 MeV lower which once more can be attributed to
the missing collective correlations across the gap. While
these levels possess two leading components (∼ 20%),
namely π(f7/2)−2

6 ⊗π(p3/2) and [π(f7/2)−1⊗ν(f7/2)−1]7⊗
ν(p3/2), the 13/2− and 15/2− are dominated (∼ 50%)
solely by the latter. The branching ratios are well repro-
duced. The 13/2− state has a predicted lifetime of nearly
10 ps while the 15/2− shall be comparatively long-lived
with τ = 650 ps, in agreement with the sharp peaks of the
corresponding γ rays in Fig. 8a.

The yrast 17/2− state is predicted to not only have a
sizeable [π(f7/2)−1⊗ν(f7/2)−1]7⊗ν(f5/2) partition (31%)
but also to contain a significant fraction of several 3h-
2p components (∼ 30%). This is surprising because in
a naive seniority picture one would expect that state
to represent a rather pure fully stretched [π(f7/2)−1 ⊗
ν(f7/2)−1]7⊗ν(p3/2) configuration (here: only 25%), espe-
cially because some additional 2 MeV of excitation energy
are necessary to form the yrast 19/2− level. In a similar
manner, that level should be based on a fully stretched
[π(f7/2)−1⊗ν(f7/2)−1]7⊗ν(f5/2) configuration. However,
the present calculation yields only an 8% partition of that
type in the yrast but 35% for the (experimentally) nearby
yrare 19/2−2 state. In fact, the leading components of
the yrast 19/2− state are the stretched 3h-configurations
[π(f7/2)−2 ⊗ ν(f7/2)−1]19/2 or [π(f7/2)−1 ⊗ ν(f7/2)−2]19/2

with the two particles in the upper fp shell coupled to spin
zero (total ∼ 55%). Experimentally the two 19/2− state
are only 45 keV apart. This hints to a much smaller mix-
ing of the two major stretched 19/2 components (either
2h-1p or 3h type) because the calculated energy difference
between the first two 19/2− states amounts to nearly half
a MeV. In principle, small changes in the single-particle
energies might have a large effect on the size of these com-
ponents in such closely lying states. As such, the related
decay strengths could be altered significantly, i.e., the dis-
crepancy between the observed (mainly mixed E2/M1)
and predicted (mainly stretched E2) decay of the yrast
19/2− state might easily vanish.

This argument holds also true for the yrast and first
excited 21/2− and 23/2− states. They all are based on the
two stretched 19/2− configurations within the 1f7/2 orbit
with the [π(f7/2)−2 ⊗ ν(f7/2)−1]19/2 type being slightly
preferred. The two remaining particles in the upper fp
shell then have a variety of energetically more or less
equivalent possibilities to couple to spins one, two, or
higher. The excitation energies and branching ratios are

well reproduced except for a theoretically strongly favored
516 keV 23/2− → 21/2− yrast transition. In order to re-
produce the branching into the two 19/2− states, we tried
to apply an additional two-level mixing (mixing coefficient
α = 0.50) for the wave functions of the two 23/2− levels.
Though the strength of the 516 keV line was barely af-
fected, not only the relative branchings of the 1708 and
1753 keV transitions were much better described but also
the feeding into the 23/2− levels. (In Fig. 7b the results for
the mixed 23/2− states are presented.) The lifetime of the
modified yrast 23/2− state is calculated to τ = 2.1 ps
which is in accordance with the experimental observa-
tions in Fig. 8a which show stopped and Doppler shifted
components for the parallel 1708-2128 and 1752-2083 keV
cascades. The 857 keV transition which depopulates the
yrare 23/2−2 state has only a small stopped component
remaining, in agreement with the predicted lifetime of
τ = 0.9 ps. The lifetimes of the higher lying states are
calculated to be significantly smaller than one picosecond.
To apply such an additional level mixing is, of course, not
in line with a pure shell-model approach: The mixing can
be due to either inadequate two-body matrix-elements or
single-particle energies (see, e.g., the notes in Sect. 3.6).
In addition, configurations from outside the model space
might be of importance. However, any of such modifica-
tions would require the investigation of their impact on
the full set of calculations which is beyond the present
approach.

The calculations for the yrast 25/2− state yield three
about equal (∼ 25%) partitions with the configurations
[π(p3/2)⊗ν(p3/2)]3, [π(f5/2)⊗ν(p3/2)]4, and ν(f5/2)2

4 cou-
pled to the respective stretched 19/2− ’three-hole ba-
sis’. However, the first excited 25/2− state has a 60%
[π(f7/2)−2 ⊗ ν(f7/2)−1]19/2 ⊗ [π(p3/2) ⊗ ν(p3/2)]3 parti-
tion and, according to its excitation energy and decay
pattern, is associated with the level at 10580 keV. Sim-
ilarly, the 10760 keV is probably the 25/2−3 level. As can
be seen from Fig. 7a the experimental level scheme highly
fragments beyond the yrast 25/2− level and, due to the
then small intensities of the γ rays, only a few tentative
spin and parity assignments were possible on the upper
right hand side of the figure. The predicted decay sce-
nario starts from the fully aligned 3h-2p 29/2− state and
provides four nearly equally weak branches. This forking
is, hence, in agreement with the fragmented experimen-
tal decay scheme. However, the only state which seems to
fit the predicted depopulation and the excitation energy
[cf. Fig. 7c and the 25/2− states] is the one at 13516 keV
— but that state has a tentatively assigned spin of 27/2−.
In addition, the states at 11963 keV (assigned tentative
spin 27/2) and 12613 keV nicely agree with the predicted
decay pattern of the yrast and yrare 27/2− states. Simi-
larly, those at 10760 and 12119 keV might be interpreted
as the third and fourth 25/2− states. Finally, these levels
are located in an excitation energy regime for which ex-
citations into the high-j 1g9/2 intruder orbital are likely
to occur. In fact, the levels in the upper left part of the
experimental 55Co level scheme and their associated de-
cay patterns cannot be satisfactorily reproduced with our
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calculation either. The regular 455-976-1333 keV sequence
occurs at similar excitation energies and spins as the 572-
929-1315 keV cascade in 54Fe and, hence, is another can-
didate for a M1 band. Positive parity for these states im-
plies the presence of three M2 transitions (γ rays at 3640,
4013, and 4075 keV) which can be explained by decays
from 1g9/2 into 1f5/2 components in the wave functions of
the respective levels.

Finally, it is worth noting that the three 15/2− states
follow the single-particle energies in the sense that the
2p3/2 neutron particle in the yrast 15/2− state (see above)
is exchanged for a 1f5/2 neutron for the second and a 2p1/2

neutron for the third 15/2− state. Due to its ’correct’ exci-
tation energy and decay pattern we associate the 8401 keV
level with the calculated 21/2−3 level.

The MBD of some 20 levels with experimentally known
or suggested spins and parities and more than one ener-
getically possible decay branch amounts to 0.10(1). This
clearly indicates an overall very good description of the
decay pattern in 55Co. The comparison between the ex-
citation energies shows similar features as the results for
54Fe, namely slightly too large predicted values at low and
too small values at high spin.

3.5 Calculations and comparisons for 56Ni

As stated above and visualized in Fig. 9c the first three ex-
cited even-spin yrast levels in 56Ni are predicted too high
in energy. In particular, the 2+ core excited state with
more than 2 MeV in excess of the experimental value.
On the contrary, the calculated strength B(E2; 2+ →
0+) = 80 e2fm4 is within reach of the measured num-
ber 120(24) e2fm4 [65]. The predicted lifetimes for the 4+

and 6+ states are 6 and 4 ps, respectively, and agree with
the observation of sharp 1224 and 1392 keV line in the
spectra of the backed target set.

The highest spin possible for 56Ni within our restricted
model space is the [π(f7/2)−1 ⊗ ν(f7/2)−1]7 ⊗ [π(f5/2) ⊗
ν(f5/2)]5 12+ state (τ ∼ 1 ps). The decay of that state
is split into three transitions which shall populate the
yrast 10+ (55%), the 10+

3 (35%), and the yrast 11+ (10%)
states. Since the 10+

2 and 10+
3 states lie close in en-

ergy (∆E <MLD) and because the decay pattern of the
latter (main branch into the 8+

2 level) matches the ob-
servations much better, we associate the calculated 10+

3

with the observed (tentative) 10+
2 state at 10679 keV. Its

wave function consists of three major partitions, namely
[π(p3/2) ⊗ ν(f5/2)] (30%), [π(f5/2) ⊗ ν(p3/2)] (23%), and
[π(f5/2) ⊗ ν(f5/2)] (17%) for the proton and neutron in
the upper fp shell. In contrast, the calculated 10+

2 state
is dominated by the [π(p3/2) ⊗ ν(p3/2)] partition (76%)
and, hence, has essentially no E2 overlap with the 12+

state: (B(E2; 12+ → 10+
2 ) = 0.2 e2fm4. The yrast 10+

state is a mixture of these four possibilities but governed
by the [π(f5/2) ⊗ ν(f5/2)] type (36%). Nevertheless, the
large phase space (∼ 3 MeV) allows for a significant de-
cay branch.

The predicted feeding from the 12+, 10+
3 and 8+

2 levels
into the yrast odd-spin sequence shown in the middle of
Fig. 9b is weak, i.e., the corresponding γ rays are on the
edge of our current observational limit. However, if we as-
sign the calculated yrast 8+ state with the observed one,
we should have seen a strong ∆I = 1 8+ → 7+ → 6+

cascade with γ rays of some 1.0 and 1.7 MeV. However,
we observe only one intense stretched 2639 keV E2 transi-
tion depopulating the 8+ state. From the branching ratio
point of view we thus have to associate the predicted 8+

3
with the observed yrast 8+ state. The predicted lifetime
of the 7956 keV 8+ state then amounts to τ = 2.4 ps,
while it was 6.2 ps for the calculated 8+

1 level. Unfortu-
nately, both agree with the presently available experimen-
tal knowledge. Moreover, the lifetime of the parent 10+

shall be 6.5 ps, i.e., the γ rays below that level should
not show any Doppler broadening independent from the
lifetimes of the lower lying states.

3.6 Calculations and comparisons for the N = 29
isotones

In Fig. 15 the experimental excitation energies of the
N = 29 isotone series 55Fe [29,66], 56Co [67], 57Ni, and
58Cu are compared to the calculated values. For 55Fe a
similar ’pattern’ can be seen to the results in 54Fe and
55Co: in the low to medium spin range theory and experi-
ment agree while at higher excitation energy the influence
of the too small gap size becomes apparent as the predic-
tions lie about 1 MeV below the observed levels. No such
trend can be seen in 56Co, and it is reversed for the high-
spin states of the A ≥ 57 nuclei. The (near yrast) decay
pattern of both 55Fe and 56Co is reproduced on the same
level of accuracy as, e.g., the level schemes of 54Fe and
55Co.

57Ni was populated via the 1a2p1n reaction channel in
our experiments. The four evaporated particles do on aver-
age not leave enough excitation energy in the residual nu-
cleus to allow for the observation of weak branches in the
high-spin regime. In turn, the still rather strong popula-
tion of the reaction channel provides an extensive number
of medium-spin states (and connecting γ rays) between
3 and 7 MeV excitation energy. Nevertheless, the excita-
tion energy and its decay led us to interpret the (tentative)
level at 12545 keV as the calculated 27/2− state, the high-
est spin possible in the truncated 2h-3p model space. The
11248 keV state is thought to represent the yrast 25/2−
and the weakly populated 9856 and 10210 keV states the
yrare 23/2− levels though their feeding and decay pat-
tern is not reproduced particularly well. This holds partly
true for the cascade between the 5513 keV 15/2−2 and the
9494 keV yrast 23/2− state. Experimentally we observe
about equally intense parallel stretched E2 and stretched
∆I = 1 transtions. The calculations, however, clearly fa-
vor the latter. Whether or not this can be attributed to
some admixed rotational collectivity arising from (moder-
ately) deformed states is yet unclear.

The wave functions of the 17/2 ≤ I ≤ 23/2 states
contain hardly any partition in excess of some 20%. How-
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ever, the main underlying structure is rather well estab-
lished, namely the configuration [π(f7/2)−1⊗ν(f7/2)−1]7⊗
π(p3/2). The coupling of this structure to the remaining
two neutrons in the upper fp shell and their residual inter-
action apparently leads to numerous final configurations
which are very similar in excitation energy, and the pre-
dicted decay paths might in part strongly depend on the
single-particle energies, especially for the yrare levels.

This problem is also present for the three 15/2− states.
In fact, the lowest calculated 15/2− state contains ba-
sically no seniority v = 3 but solely v = 5 partitions
with the two holes in the 1f7/2 orbit aligned to spin
I = 7. The second 15/2− state contains to a large ex-
tent the naively expected stretched v = 3 configura-
tions, for example, ν(f7/2)−1⊗ ν(f5/2)⊗ ν(p3/2) (23%) or
π(f7/2)−1 ⊗ π(f5/2)⊗ ν(p3/2) (21%). For the third 15/2−
state the ν(p3/2) is exchanged against a ν(f5/2) neutron.
In order to get an overall better picture for the decay
properties we associate the calculated yrast 15/2− with
the observed yrare 15/2−2 state and vice versa. Neverthe-
less, the lifetimes of all 15/2− levels are consistently pre-
dicted in the 2-10 ps range which is in agreement with the
observations in, e.g, Fig 11a.

Similarly, the decay strengths from the closely neigh-
bored yrare 7/2−, 9/2−, and 11/2− states call in some
cases for exchange, in other not. Yet, we decided not to
interchange additional levels as it neither improves nor
worsens the MBDs significantly. The yrast 3/2− to 13/2−
states, however, are fairly stable against modifications in
the single-particle energies, and their decay patterns are
nicely reproduced. As in 56Ni, the first ’pure’ core excited
5/2−2 and 7/2− levels are predicted some 2 MeV too high.
Since there are no major discrepancies in the decay pat-
tern predicted for the strong transtions, a MBD=0.12(1) is
achieved for a total of 29 states with known or suggested
spin and parity assignments, a value similar to those of
54Fe and 55Co.

A final remark is mandatory with respect to the
3701 keV 9/2 level. Both this and the 3713 keV 9/2−
state are consistent with the predictions concerning the
depopulation of the calculated yrast 9/2− state. However,
for none of the yrare 9/2− levels a nearly exclusive de-
cay into the 2577 keV 7/2− level is predicted but instead
is highly fragmented into several 9/2−, 7/2−, and 5/2−
states (cf. levels at 4025 and 4185 keV in Fig. 10). The se-
quence on top of the 3701 keV also lacks a good description
with available near-yrast negative-parity states, and it is
connected to those only via three weak 2-3 MeV tran-
sitions. Finally, as stated earlier, 9/2+ states have been
observed near 3 MeV excitation energy in 59Cu and 59Ni
[35]. In summary, there are also clues from the shell-model
calculations which support the assignment of the 3701 keV
9/2 state with the neutron 1g9/2 single-particle state.

Looking at Fig. 13 the yrast decay sequence of 58Cu
is extremely well reproduced. The only (minor) discrep-
ancy is the branch of the 501 keV 7+ → 5+

2 transition
which experimentally amounts to 7(1)% but is predicted
to be 31%. The good agreement is reflected by the small
MBD of 0.09(1). The ground state has two equally strong

(∼ 20 %) [π(p3/2) ⊗ ν(f5/2)]1 and [π(f5/2) ⊗ ν(p3/2)]1
T = 0 components based on the respective strongly bind-
ing two-body matrix element (-3.1 MeV, [37]). The yrast
3+ state is composed as expected, i.e., has a near 50%
stretched [π(p3/2)⊗ ν(p3/2)]3 configuration and, also due
to the low excitation energy, is predicted to have a life-
time on the order of one nanosecond. The yrast 4+ state
resembles the aligned configurations of the ground state
(total 48%), while the 5+ state is based on the aligned
[π(f5/2)⊗ν(f5/2)]5 (49%) configuration. Though the yrast
7+ state contains only a 10% pure [π(f7/2)−1⊗ν(f7/2)−1]7
partition (with the four particles in the upper fp shell cou-
pled to spin I = 0) more than 70% of its wave function
include the simultaneous excitation of one proton and one
neutron across the shell gap. For the higher spin states, the
four particles in the upper fp shell then gradually align
their angular momenta, coupled to this 7+ ’basis’ state.
The sequence finds an end at the maximum possible spin
I = 15, and it is nicely revealed by the experimental yrast
sequence with M1 and cross-over E2 transitions up the
(assigned) 14+ state at 11552 keV. The 13128 keV state
would match the expected excitation energy of the 15+

state but the discrepant decay pattern prevents a firm
conclusion.

For the sake of completeness we included the T = 1
0+ and 2+ 58Ni isobaric analogue states [36] in Fig. 13b
and 15. Their decay pattern and excitation energies are
equally well described as the high-spin part of the level
scheme.

The two ’side bands’ in the experimental level scheme
cannot be readily described in terms of their decay fea-
tures while it should be straight forward from a purely
energetic point of view (see Fig. 15). Once more, the ex-
citation of one (or more) particles from the upper fp into
the 1g9/2 orbit might cause this mismatch. Even the best
scenarios for the 6793, 8126, and 9803 keV states (with
tentative spin assignments) lead to large MBDs of ∼ 0.3
for each of them. In contrast, the predictions for the yrare
9+

2 state perfectly match the excitation energy and decay
of the 5574 keV state through which the main portion of
the γ decay out of the deformed band proceeds. Similar to
the yrare 7+

2 state its wave function is based not on 2h-4p
but 1h-3p configurations. A 9+ state, however, can also be
created by fully aligning one 1g9/2 proton and one 1g9/2

neutron. The corresponding two-body matrix-element is
on the order of -1.8 MeV [68,63]. Using the 3701 keV 9/2
state as a reference (which incorporates the residual inter-
action of one 1g9/2 particle with the 56Ni core) one ends
up at 2 × 3.7 MeV−1.8 MeV= 5.6 MeV for an aligned
[π(g9/2) ⊗ ν(g9/2)]9 T = 0 state. The experimentally ob-
served state at 5574 keV does not only fit perfectly in
energy but since it is the main collector of the γ flux from
the deformed band, it should contain at least a sizeable
fraction of this g9/2 configuration.

4 Conclusions

We have presented extensive new experimental informa-
tion on decay schemes in the spherical minimum of the
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doubly magic nucleus 56Ni and its closeby neighbours. The
investigated nuclei were populated with only small frac-
tions of the total fusion cross section, and the extraction
of the comprehensive level schemes has to an extremely
large extent been possible because of the use of powerful
selective devices such as Microball and neutron detec-
tors. Of course, a very efficient γ-ray spectrometer such
as Gammasphere must form the basis of such investiga-
tions.

From the theoretical point of view, already compara-
tively simple shell-model calculations in the fp space and
allowing up to two particles to be excited across the shell
gap at particle numbers N ,Z = 28 can succesfully describe
the excitation schemes of the yrast natural parity (positive
for the even-A, negative for the odd-A nuclei) schemes in-
cluding the presently known electromagnetic decay prop-
erties (mainly branching ratios but also a few lifetimes
and moments). The good agreement is based on the con-
siderable lowering of the size of the gap as compared to
previous studies. This leads to an artificial jump in the
binding energies when crossing the gap, but the binding
energies below and above the gap are within themselves
well reproduced. Another consequence of the smaller gap
are the relatively small (55%) closed-core partitions in the
wave functions of ground-state and fully aligned configu-
rations as well as presumed single-particle states in the
A = 57 mirror pair. Similar scenarios are imaginable in
the 100Sn region where strong E2 1g9/2-2d5/2 correlations
across the N ,Z = 50 gap might have an impact on the
excitation scheme or even the stability of this very exotic
nucleus. Therefore, it is important to understand the ex-
perimentally more readily accessible region around 56Ni
in order to support predictions near 100Sn.

Clearly, new experiments are neccessary to pin down
the unnatural parity states and, hence, the 1g9/2 single-
particle state in 57Ni. Based on the present experimen-
tal and theoretical results, however, we suggest that the
3701 keV 9/2 state in 57Ni is this state. Lifetime and
g-factor experiments aiming at such specific states shall
also provide good testing grounds for the spherical shell
model in this mass region. Theoretically, the inclusion of
the 1g9/2 orbit in connection with the full understanding
of the comparatively weak doubly magic core certainly
provides an interesting challenge.
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