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The fusion-evaporation reaction 28Si + 40Ca at 122 MeV beam energy was used to populate excited states in
the N = Z + 1 nucleus 63Ga. With the combination of the Gammasphere spectrometer and the Microball CsI(Tl)
charged-particle detector array, the level scheme of 63Ga was extended by more than a factor of two in terms
of number of γ -ray transitions and excited states, excitation energy (Ex > 30 MeV), and angular momentum
(I > 30 h̄). Nine regular sequences of states were newly established in the high-spin part of the level scheme.
The majority of these rotational band structures could be connected to the previously known part of the level
scheme by high-energy γ -ray transitions in the energy range Eγ = 4–6 MeV. Low-spin states were assessed by
shell-model calculations. The high-spin rotational bands were interpreted and classified by means of cranked
Nilsson-Strutinsky calculations.

DOI: 10.1103/PhysRevC.103.034306

I. INTRODUCTION

The structure of nuclei located in the vicinity of the doubly
magic nucleus 56Ni can be expected to be described by the
spherical shell model within the full N = 3 f p model space,
which comprises the f7/2 orbital below, and the p3/2, f5/2, and
p1/2 orbitals above the N = Z = 28 shell gap. While this was
found to be the case for low-spin states in mass A ≈ 50–60
nuclei [1–5], the situation quickly becomes more complex for
slightly heavier N ≈ Z nuclei and likewise as a function of
excitation energy and angular momentum.

At high angular momenta, nuclei in the A ≈ 60 region
form rotational bands, based on holes in the f7/2 orbitals and
particles in the g9/2 intruder orbitals [6,7]. Quadrupole defor-
mation was found to increase with the number of particle-hole
excitations across the shell gap and the number of particles
placed in the g9/2 intruder orbitals. This could be exempli-
fied by the sequence of N = Z nuclei [8], namely 56Ni itself
[9], 58Cu [10], and 60Zn [11]. Alternatively, the feature of
increasing deformation with an increasing number of parti-
cles placed in the g9/2 intruder orbitals could be delineated
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by means of comprehensive investigations of, for instance,
58Ni [12], 59Cu [13], 61Cu [14], 61Zn [15], or 62Zn [16].
In all these cases, collective structures with varying num-
bers of holes in the f7/2 orbitals and particles in the g9/2

orbitals were observed and could be characterized for each
nucleus.

At low spins, one expects the N ≈ Z , A � 60 nuclei to be
governed by excitations and correlations within the upper f p
shell, which can accommodate 12 protons and 12 neutrons,
thus formally covering the region between 56Ni and 80Zr.
However, it was both predicted and found experimentally that
the proximity of the shape-driving g9/2 orbital gives rise to
a plethora of nuclear structure phenomena, which are en-
forced near the N = Z line: collective octupole effects due
to p3/2-g9/2 correlations in, for instance, Z = 32 germanium
isotopes [17,18] and prolate-oblate shape coexistence [19–21]
in Z = 34 selenium [22–24] or Z = 36 krypton isotopes
[25,26].

The rapidly increasing influence of the g9/2 shell in upper-
f p nuclei also becomes evident from the presence of Iπ =
9/2+ (single-particle) states in odd-A nuclei, the excitation
energy of which quickly decreases from ≈3.6 MeV in A = 57
[27,28] to ≈ 3.0 MeV in A = 59 [13], ≈ 2.5 MeV in A = 61
[13], and � 2.0 MeV in A = 63, 65, or 67 nuclei [29–31].
Similarly, Iπ = 7/2− states are known in these nuclei, which
call for f −1

7/2 hole partitions. Therefore, a f pg9/2 shell-model
space is being called for, which could expand on, for instance,
the f5/2 pg9/2 space introduced in Ref. [32].

Last, odd-Z N ≈ Z isotopes are close to the proton
dripline, which leads to observed (57Cu) and anticipated (61Ga
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[33]) proton radioactivity from low-lying, typically Iπ =
9/2+ states.

In the present work, a number of these nuclear structure
topics are addressed in the study of the N = Z + 1 nucleus
63Ga. Excited states in 63Ga were first reported by Balamuth
et al. based on a series of fusion-evaporation reaction experi-
ments [29]. The analysis of γ γ coincidences led to a proposed
yrast sequence up to 7.7 MeV in excitation energy, Ex. More-
over, thorough angular-distribution and angular-correlation
measurements were used to derive multipolarities of a number
of γ -ray transitions in the low-energy part of the level scheme
[29,34,35]. This allowed for tentative spin-parity assignments
of a number of states, starting from the Iπ = 3/2− ground
state of 63Ga [34,35]. More recently, the I = 3/2 ground-state
assignment was determined by collinear laser spectroscopy of
the series of gallium isotopes [36]. The level scheme of 63Ga
was later extended to Ex ≈ 14 MeV and I ≈ 20 h̄ in the high-
spin study presented by Weiszflog et al. [30]. Earlier work was
confirmed, including the multipolarity assignments of low-
lying γ rays. Two consecutive γ rays were exchanged for two
cascades due to improved sensitivity and the observation of
parallel decay branches. Total Routhian surface calculations
suggested triaxial shapes (β2 ≈ 0.25, γ ≈ 20◦) of the band
structures proposed in the Ex ≈ 6- to 14-MeV region [30].

More recently, an attempt to study the low-spin mirror
symmetry of 63Ga and 63Ge was undertaken by means of
few-nucleon knockout reactions [37]. Concerning 63Ga, a few
more weak transitions were found connecting the low-spin
negative-parity states as suggested in Ref. [30].

Based on data from an experiment briefly described in
Sec. II, and analysis methods briefly summarized in Sec. III,
we report new experimental information on high-spin states in
63Ga in Sec. IV. Shell-model and cranked Nilsson-Strutinsky
calculations (CNS), used in the interpretation of the level
scheme, are described in Sec. V. The shell-model calculations
were applied to the interpretation of the low- and medium-spin
regimes. The CNS calculations were used to interpret and
classify the experimentally revised medium-spin structures
as well as the newly observed, well-deformed bands beyond
Ex � 15 MeV and I � 20 h̄. A brief summary concludes the
paper.

II. EXPERIMENT

The experiment was conducted at the Argonne Tandem
Linac Accelerator System (ATLAS). The fusion-evaporation
reaction 28Si + 40Ca, at a beam energy of 122 MeV, was used
to populate high-spin states in neutron-deficient, mass A ≈ 60
nuclei near the N = Z line [12–16,38]. Excited states in 63Ga
were reached following the evaporation of one α particle and
one proton, i.e., the 1α1p reaction channel. An experimen-
tal relative production cross section of σrel ≈ 0.5% could be
estimated from relative yields of known γ rays attributed to
the various reaction channels. The 40Ca target, enriched to
99.975%, was 0.5 mg/cm2 thin. It was enclosed by two thin
gold layers and transported to the target chamber in argon
atmosphere to prevent oxidation.

The main instrument used in the experiment was the
Gammasphere array [39], which comprised 101 germanium

detector modules at the time. To enable γ -ray multiplicity
and γ -ray sum-energy measurements [40], the heavimet colli-
mators were removed from the germanium detector modules.
Gammasphere surrounded the target chamber, and inside this
chamber the nearly 4π 95-CsI(Tl)-element charged-particle
detector system Microball [41] surrounded the 40Ca target.
Microball recorded energies and directions of evaporated
charged particles, and pulse-shape analysis techniques al-
lowed to discriminate between evaporated protons and α

particles. The summed energies of the evaporated particles
were correlated with the γ -ray multiplicity and γ -ray sum-
energy information from Gammasphere, which aided reaction
channel selection later [42]. Events were recorded when at
least four Compton-suppressed γ rays were detected.

III. DATA ANALYSIS

The data analysis follows procedures which have been
outlined previously in connection with similarly extensive
studies of neighboring nuclei for this and similar experiments
in the mass A ≈ 60 region [12–16,38]. The momenta of the
recoiling residues can be derived on an event-by-event basis
using the energies and momenta of the evaporated charged
particles measured with Microball. Since Gammasphere con-
tains a number of twofold segmented germanium detectors
around central angles, it is possible to perform more accurate
Doppler-shift corrections and thus significantly improve γ -ray
energy resolution.

In total, more than 20 different residual isotopes are
produced in this type of fusion-evaporation reaction. 63Ga
represents a rather weakly populated channel of low particle
multiplicity: 1α1p. Thus, due to finite detection efficiencies
for protons or α particles in Microball, a plain 1a1p-
coincidence requirement is not sufficient. The reason is that
γ rays from much more intensely populated reaction chan-
nels would completely dominate the weak γ -ray transitions
stemming from 63Ga, preventing a meaningful work on the
level scheme of 63Ga. By missing the detection of one or
two protons or one α particle, the main contributors to the
1α1p spectra are 62Zn (1α2p [16]), 61Cu (1α3p [14]), or 59Cu
(2α1p [13]). The solution is to implement strict conditions
on the total-energy and γ -ray multiplicity selection mentioned
earlier [40,42].

As a first step, the total-energy selection provides γ -ray
analysis objects (see below) with a considerably improved
ratio of 63Ga:62Zn ≈ 1 : 10, as well as being essentially free
from γ rays from other reaction channels. Second, it turns out
that a number of key γ -ray transitions in the known yrast
sequence of 63Ga [29,30] (cf. Fig. 1) are not significantly
obscured by γ -ray transitions known to belong to 62Zn [16].
Thus, a γ -ray coincidence requirement with any of the 75-,
625-, 649-, 894-, 1077-, or 1140-keV transitions can be used
to very selectively tag 63Ga. Adding in modest background
from 62Zn but significantly increasing statistics for the 63Ga
analysis, this list of 63Ga transitions can be expanded with
those at 1209, 1330, 1422/1425, 1632/1635, and 1772 keV,
thus representing essentially the full yrast sequence between
the 9040-keV 31/2(−) state and the ground state of 63Ga (cf.
Fig. 1).
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FIG. 1. Proposed high-spin level scheme of 63Ga from the present study. Energy labels are in keV. Tentative transitions and levels are
dashed. The widths of the arrows correspond to the relative intensities of the γ rays. Based on intensity pattern and decay-out characteristics,
the bands labeled Q7, Q8, and Q9 have been tentatively placed at X1 = 19 000 keV with I1 = (43/2), X2 = 20 300 keV with I2 = (45/2), and
X3 = 19 200 keV with I3 = (43/2), respectively.

With the 1α1p coincidence and the mentioned optimized
conditions, the subsequent γ -ray analysis steps involved Eγ

projections, Eγ -Eγ matrices, and an Eγ -Eγ -Eγ cube. These
objects were inspected by means of the Radware software
package [43] and the spectrum-analysis code TV [44]. Eγ

projections and Eγ -Eγ matrices required always a coincidence
with at least one of the selective transitions mentioned above.
The inspection of the Eγ -Eγ -Eγ cube engaged always one or
more of these transitions as well. The analysis resulted in the
experimental high-spin level scheme of 63Ga shown in Fig. 1.

The selectivity for 63Ga can be judged by the γ -ray spectra
displayed in Fig. 2 and Fig. 3 described in detail in Sec. IV.

Rotational bands in the A ≈ 60 region are known to have
γ -ray transition energies in the range Eγ ≈ [1.5, 4.0] MeV.
Usually, these γ rays are emitted while the nucleus is still
inside the thin target layer, i.e., while moving with slightly
higher velocities than used for standard Doppler corrections
adopted for γ -ray transitions in the lower part of the level
scheme. These γ rays are typically emitted after the recoiling
nuclei left the target. For the present analysis of 63Ga and in

034306-3



D. RUDOLPH et al. PHYSICAL REVIEW C 103, 034306 (2021)

FIG. 2. Gamma-ray spectra related to the main yrast structure
of 63Ga shown in Fig. 1. All spectra are subject to the preselection
for the analysis of 63Ga residues outlined in Sec. III. Panel (a) is
the spectrum taken in coincidence with the 625-keV transition and
any of the two 894- or 1140-keV transitions. The inset is part of
a spectrum in coincidence with the 625- and 649-keV transitions.
Panel (b) is the spectrum taken in coincidence with the 1077-keV
transition and any of the two 894- or 1140-keV transitions. Panel
(c) is the spectrum taken in coincidence with the 649-keV transition
and the 1422-/1425-keV doublet. Panel (d) is the spectrum taken in
coincidence with the 1546-keV transition and any of the three 649-,
894-, or 1140-keV transitions. Panel (e) is the spectrum taken in
coincidence with the 1830-keV transition and any of the five 625-,
649-, 894-, 1140-keV, or 1772-keV transitions. The binning is 2 keV
per channel. Energy labels are in keV. Dashed vertical lines are meant
to guide the eye.

view of the previously reported level scheme in Fig. 1 [30],
a corresponding “Fτ -correction” was implemented for the
range Eγ = [1.5, 3.5] MeV. A more comprehensive descrip-
tion of how this Doppler-shift correction method was applied
to the data set can be found in, for instance, Refs. [13,38].

Spins and parities assigned to the excited levels were based
on the analysis of directional Eγ -Eγ correlations of oriented
states (DCO ratios). For this analysis, and in line with previous
studies (see, e.g., Refs. [12–16]) the Ge detectors of Gamma-
sphere were grouped into two “pseudo rings” named “30” and
“83.” Two DCO matrices were studied, namely one with and
one without, the 63Ga-selective γ -ray coincidences mentioned

earlier. The γ rays for the reaction-channel selection could be
detected in any detector at any angle of the Gammasphere
spectrometer. The remaining γ rays detected at 30◦ were
sorted on one axis and those detected at 83◦ placed on the
other axis of the DCO matrix.

DCO ratios were then derived according to

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

I (γ1 at 83◦; gated with γ2 at 30◦)
.

Known stretched E2 transitions, i.e., I → I − 2 transitions,
were used for gating. In this case one expects RDCO(30-83) =
1.0 for observed stretched E2 transitions and RDCO(30-83) ≈
0.6 for stretched pure �I = 1 transitions. Deviations from
the estimates for pure �I = 1 transitions indicate a nonzero
mixing ratio of the respective transition, namely δ(E2/M1) >

0(< 0) for numbers smaller (larger) than expected for
RDCO(30-83). Nonstretched �I = 0 transitions yield typically
RDCO(30-83) ≈ 0.9, i.e., numbers similar to stretched E2
transitions. Note, however, that since the γ -ray decay paths
in nuclei populated via fusion-evaporation reactions follow
the yrast line, �I = 0 transitions are not common and usually
have small relative intensities.

IV. EXPERIMENTAL RESULTS

Figure 1 shows the level scheme of 63Ga deduced from
the present study. The yrast structure up to the 10 870-keV
35/2(−) (labeled gb, B1, and B2 in Fig. 1) and 12 738-keV
37/2(−) (B3) levels is consistent with the work by Weiszflog
et al. [30]. The 1963-1632-keV connection from B2 toward
the 14 465-keV 41/2 state B4 is also confirmed, while γ rays
assigned to other side structures reported in Ref. [30] were
ordered somewhat differently into bands B4 and B5 in Fig. 1,
owing to superior statistics of the present data set. The nine
rotational bands (Q1–Q9) in Fig. 1 have not been observed
previously.

At this point we like to note that parts of the 63Ga level
scheme posed challenges. This is primarily due to a number
of known and new doublet structures in the yrast region of
the level scheme; for instance, the 894.3-893.9-keV 13/2+ →
9/2+ → 9/2− sequence (B1) [29], the 1422-keV 7/2− →
3/2− (gb), and 1425-keV 33/2 → 29/2 (B4) transitions,
the 1635-keV 21/2+ → 17/2+ (B1) and 1632-keV 41/2 →
37/2 (B4) transitions, the 1772-keV 19/2(−) → 17/2+ (B2-
B1) and 1773-keV 29/2 → 27/2(−) (B4-B2) transitions,
or the 1867-keV 33/2 → 31/2(−) (B4-B2) and 1868-keV
37/2(−) → 35/2(−) (B3-B2) transitions, to name but a few.
While there were typically ample options and sufficient statis-
tics to settle the γ γ γ -coincidence relationships, the extraction
of reliable DCO ratios, and thus more definite spin-parity as-
signments to the excited states, was hampered by these highly
interconnected, and often similarly intense, γ -ray doublets.
Occasionally it was also difficult to suppress remaining ambi-
guities from transitions belonging to 62Zn [16] (see Sec. III).

The numerical results of the present study are summarized
in Table I. This includes energies and spin-parity assign-
ments of the levels placed in the decay scheme of Fig. 1
and the energies, relative intensities, DCO ratios, and multi-
pole assignments of the γ -ray transitions. The intensities are
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FIG. 3. Gamma-ray reference spectrum for the newly observed high-spin part of the level scheme of 63Ga. The spectrum is in coincidence
with either the 649- or 894-keV transitions, which serve as additional selection of 63Ga residues, and any of the other intense transitions found
to belong to 63Ga, namely those at 75, 625, 649, 894, 1077, 1140, 1209, 1330, 1422/1425, 1632/1635, 1772/1773, 1830, 1867/1868, 1925,
1941, and 1963 keV. The binning is 4 keV per channel. Energy labels are in keV. In case the labels are given in parentheses, the transitions are
tentatively placed in the level scheme in Fig. 1. In case the labels are given in brackets (mostly gray), the transitions could not be unambiguously
placed into the level scheme in Fig. 1, though they are likely to directly connect into one of the states at 10 870, 10 908, 10 962, 12 738, or
12 833 keV. The color code of the labels refers to the band structures introduced in connection with Fig. 1. The note “s.e.” stands for “single
escape.”

normalized to the 894.3 keV 13/2+ → 9/2+ transition and
generally have an associated 3% systematic uncertainty from
the efficiency calibration.

1. The low-spin region (gb) and band B1

Figure 2 shows five γ -ray spectra which focus on the minor
revisions and additions of the previously reported part of the
level scheme [29,30,37]. Figure 2(a) is the spectrum taken in
coincidence with the 625-keV 9/2+ → 7/2− transition and
one of the 894- or 1140-keV transitions forming the yrast
17/2+ → 13/2+ → 9/2+ sequence. Besides the peaks of the
γ rays forming the near-yrast structures toward higher spins,
lines at 368, 443, 699, 722, and 979 keV can be seen. They
confirm the 443-979- and 722-699-keV sequences [30] par-
allel to the originally reported 1422-keV transition [29]. In
combination with yrast arguments, the DCO ratios of the 443-
and 979-keV transitions led to a tentative 3/2− assignment of
the state at 443 keV. Its position in the level scheme could
be fixed by the observation of the weak 368-keV transition,
which connects to the yrast 5/2− state at 75 keV, as proposed
in Ref. [37] as well. The inset of Fig. 2(a) shows the relevant
fraction of a spectrum in coincidence with the 625-keV line

and the intense 649-keV 23/2(−) → 19/2(−) transition. This
transition was thus found to comprise a small self-coincident
component, which led to the addition of a weak 647-keV
transition connecting the level at 722 keV with the yrast 5/2−
state at 75 keV. A weak transition of that energy was also
observed in Ref. [37] but not placed into their level scheme.

A level at 872 keV was introduced in Ref. [37], decaying
in parallel via a 872-keV transition into the 3/2− ground state
and a 796-keV transition into the 75-keV 5/2− state. In our
high-spin data we do observe a weak 796-keV γ ray in coin-
cidence with the 75-keV 5/2− → 3/2− transition, consistent
with the findings in Ref. [37]. However, this coincidence is
very weak and no further information can be obtained as to the
continuation beyond the 872-keV state. This is indicative for
a low-spin side structure in 63Ga. We are not sensitive to the
weak 2046-keV 9/2+ → 3/2− branch suggested in Ref. [37]
because of several, more intense transitions of similar energy
in the high-spin part of the 63Ga level scheme (see below).

To search for an anticipated 1347-keV 7/2− → 5/2−
yrast transition, spectra in coincidence with the 625-keV
line and the 1209- or 1330-keV transitions higher up
in the yrast scheme were inspected. Note that the latter
transitions are parallel to the 1344-keV 29/2(−) → 25/2(−)
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TABLE I. Energy levels in 63Ga, the transition energies and relative intensities of the γ rays placed in the level scheme, their DCO ratios
and multipole assignments, and the derived spins and parities of the initial and final states of the γ rays.

Ex (keV) Eγ (keV) Irel (%)a Gateb RDCO30◦–83◦ Mult. Ass. Iπ
i (h̄) Iπ

f (h̄)

75.3(2) 75.4(3) 715c M1d 5/2− 3/2−

443.3(2) 368.0(4) 7(2) A � 1 (E2/M1) (3/2− ) 5/2−

443.3(2) 36(4) A 0.94(19) (�I = 0) (3/2− ) 3/2−

722.3(2) 279.2(4) 2(1) (E2/M1) (5/2− ) (3/2− )
647.1(5) 20(7) e (�I = 0) (5/2− ) 5/2−

722.2(3) 29(4) (�I = 1) (5/2− ) 3/2−

1152.5(4) 1077.2(5) 833(27) B 0.99(6) E2d 9/2− 5/2−

1421.7(3) 699.3(3) 42(3) A 1.34(35) (E2/M1) 7/2− (5/2− )
978.6(4) 38(2) A 1.10(31) (E2) 7/2− (3/2− )

1421.6(6) 141(5) A 1.00(8)e E2 7/2− 3/2−

2046.4(4) 624.7(3) 205(8) A 0.71(6) E1d 9/2+ 7/2−

893.9(5) 817(27) B 0.99(5)e �I = 0d 9/2+ 9/2−

2940.7(5) 894.3(4) 1000(32) B 0.99(5)e E2d 13/2+ 9/2+

4080.5(8) 1139.8(4) 899(29) C 1.02(5) E2 17/2+ 13/2+

5244.4(9) 2304.2(16) 11(4) 13/2+

5715.8(8) 1635.4(8) 105(5) B 1.16(13)e E2 21/2+ 17/2+

5853.0(8) 608.6(6) 8(2) 19/2(−)

1772.2(7) 766(27) C 0.54(3) (E )1f 19/2(−) 17/2+

6501.6(8) 648.6(2) 759(26) B 1.00(6) E2 23/2(−) 19/2(−)

785.8(3) 74(5) C 0.73(9) (E )1f 23/2(−) 21/2+

7335.2(11) 3255.1(22) 8(1) �I = 2 21/2 17/2+

7656.9(10) 1155.2(6) 37(3) C ≈ 1 (�I = 0) (23/2) 23/2(−)

1804.0(11) 17(3) (E2) (23/2) 19/2(−)

7710.6(9) 1209.1(4) 687(23) C 1.08(6) E2 27/2(−) 23/2(−)

7912.1(10) 1410.6(6) 34(3) C 0.36(8) E2/M1 25/2(−) 23/2(−)

8214.0(10) 878.9(6) 17(2) �I = 2 25/2 21/2
1712.4(8) 8(2) �I = 1 25/2 23/2(−)

2497.9(12) 26(3) �I = 2 25/2 21/2+

8857.3(10) 1146.8(8) 38(3) C ≈1e (�I = 0) (27/2) 27/2(−)

1200.2(8) 28(3) C ≈ 1 (E2) (27/2) (23/2)
9040.4(10) 1329.6(5) 482(17) C 1.14(7) E2 31/2(−) 27/2(−)

9256.1(10) 1344.0(8) 22(2) E2 29/2(−) 25/2(−)

1545.6(7) 53(3) C 0.31(6) E2/M1 29/2(−) 27/2(−)

9483.3(10) 1269.2(6) 41(3) D 0.94(17) E2 29/2 25/2
1773.0(10) 54(7) E 0.62(8)e �I = 1 29/2 27/2(−)

10161.5(14)g 1304.2(10) 21(2) C 1.02(23) (E2) (31/2) (27/2)
10870.1(11) 1829.8(8) 210(9) F 1.02(7) E2 35/2(−) 31/2(−)

10908.1(11) 1424.9(7) 47(4) C 1.06(8)e E2 33/2 29/2
1867.3(9) 75(4) F 0.35(3)e �I = 1 33/2 31/2(−)

10982.0(11) 1726.3(9) 40(3) C 1.06(16) E2 33/2(−) 29/2(−)

1941.2(9) 59(4) F 0.25(8) E2/M1 33/2(−) 31/2(−)

11974.2(18) 1812.7(10) 17(3) (31/2)
12738.3(12) 1756.4(8) 55(4) C 1.15(17) E2 37/2(−) 33/2(−)

1868.2(9) 77(4) G 0.27(3) E2/M1 37/2(−) 35/2(−)

12833.1(12) 1924.8(9) 96(5) H 0.95(7) E2 37/2 33/2
1963.4(10) 18(2) I 0.84(17)e �I = 1 37/2 35/2(−)

14213.7(21) 3343.4(22) 13(1) �I = 2 39/2 35/2(−)

14465.0(14) 1631.9(8) 69(4) J 0.95(7) E2 41/2 37/2
14542.3(26) 3671.9(31) 7(1) (E2)h (39/2) 35/2(−)

16634.4(28) 3801.3(25) 8(1) 37/2
17172.0(24) 2707.0(19) 8(2) 41/2
17193.3(20) 2728.4(17) 19(2) J 0.63(19) �I = 1 43/2 41/2

2979.3(22) 4(2) �I = 2 43/2 39/2
17479.1(23) 3014.1(18) 10(2) 41/2
18452.9(31) 3987.9(27) 6(1) 41/2
19034.2(33) 2399.8(18) 5(1)
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TABLE I. (Continued.)

Ex (keV) Eγ (keV) Irel (%)a Gateb RDCO30◦-83◦ Mult. Ass. Iπ
i (h̄) Iπ

f (h̄)

Q1
15766.0(40) 4895.9(38) 9(1) J 1.05(18)e (E2) (39/2− ) 35/2(−)

18090.6(42) 1662.3(11) 7(1) (E2)h (43/2− ) (39/2− )
1792.1(11) 17(2) J 1.05(16) (E2) (43/2− ) (39/2− )
2324.6(13) 23(2) J 1.21(15) (E2) (43/2− ) (39/2− )

20101.0(44) 2010.4(13) 42(3) J 1.12(14) (E2) (47/2− ) (43/2− )
22613.0(47) 2512.0(16) 21(2) J 1.19(16) (E2) (51/2− ) (47/2− )
25987.6(55) 3374.6(29) 5(1) (E2)h (55/2− ) (51/2− )
Q2
16756.6(25) 2214.2(20) 6(1) (�I = 1) (41/2− ) (39/2)

4018.5(28) 25(2) J 1.17(24) (E2) (41/2− ) 37/2(−)

18932.7(28) 2176.1(13) 27(2) J 1.13(16) (E2) (45/2− ) (41/2− )
21377.4(33) 2444.8(17) 22(2) J 1.04(12)e (E2)h (49/2− ) (45/2− )
24236.1(38) 2858.6(19) 13(2) (E2)h (53/2− ) (49/2− )
Q3
16695.7(57) 1555.1(13) 10(2) (E2)h (39/2− ) (35/2− )

5825.6(56) 6(1) J 0.90(37) (E2)h (39/2− ) 35/2(−)

18524.5(58) 1828.8(12) 24(3) e (E2)h (43/2− ) (39/2− )
20626.1(60) 2101.6(13) 24(3) J 1.11(20) (E2) (47/2− ) (43/2− )
23070.3(62) 2444.2(15) 17(2) J 1.04(12)e (E2)h (51/2− ) (47/2− )
25952.9(64) 2882.6(18) 13(3) (E2)h (55/2− ) (51/2− )
29439.7(69) 3486.8(26) 4(1) (E2)h (59/2− ) (55/2− )
Q4
17574.7(44) 4836.4(42) 7(1) (E2)h (41/2− ) 37/2(−)

19537.4(46) 1962.7(13) 26(2) I 0.84(17)e (E2)h (45/2−) (41/2− )
21807.0(48) 2269.6(14) 33(2) J 1.02(19) (E2) (49/2−) (45/2− )
24455.3(50) 2648.3(15) 25(2) J 1.26(21) (E2) (53/2−) (49/2− )
27613.4(53) 3158.1(19) 12(1) (E2)h (57/2− ) (53/2− )
Q5
17643.0(32) 4903.7(41) 7(1) J 1.05(18)e (E2) (41/2− ) 37/2(−)

17661.4(32) 4924.1(40) 10(1) J 1.05(18)e (E2) (41/2− ) 37/2(−)

19702.4(32) 2041.1(12) 13(2) (E2)h (45/2− ) (41/2− )
2059.4(13) 11(2) J 1.07(18)e (E2) (45/2− ) (41/2− )

22072.9(35) 2370.4(13) 23(2) J 1.18(21) (E2) (49/2− ) (45/2− )
24901.2(39) 2828.3(17) 16(2) (E2)h (53/2− ) (49/2− )
28123.4(44) 3222.3(21) 6(1) (E2)h (57/2− ) (53/2− )
Q6
17706.4(40) 4968.3(51) 4(1) J 1.11(26)e (E2) (41/2− ) 37/2(−)

17755.4(40) 5016.9(55) 7(1) J 1.11(26)e (E2) (41/2− ) 37/2(−)

19764.8(40) 2009.3(14) 7(2) J 1.12(14)e (E2) (45/2− ) (41/2− )
2058.4(13) 5(2) J 1.07(18)e (E2) (45/2− ) (41/2− )

22115.4(42) 2350.7(13) 12(2) (E2)h (49/2− ) (45/2− )
24796.8(45) 2681.3(16) 11(2) J 1.18(17)e (E2) (53/2− ) (49/2− )
27869.7(51) 3072.9(23) 7(1) e (E2)h (57/2− ) (53/2− )
31328.7(58) 3459.0(29) 2(1) e (E2)h (61/2− ) (57/2− )
Q7
21191.2(13)i 2191.2(13) 11(1) e (E2)h (I1 + 2) I1

23661.6(19) 2433.8(15) 7(1) (I1 + 4)
2470.4(14) 18(2) (E2)h (I1 + 4) (I1 + 2)

26339.0(25) 2677.4(16) 26(2) J 1.18(17)e (E2) (I1 + 6) (I1 + 4)
29254.0(30) 2915.0(17) 21(2) J 1.18(27) (E2) (I1 + 8) (I1 + 6)
32502.6(37) 3248.6(22) 12(2) (E2)h (I1 + 10) (I1 + 8)
Q8
22627.0(14)i 2327.0(14) 11(1) e (E2)h (I2 + 2) I2

25196.2(21) 2569.2(15) 22(2) J 1.01(19) (E2) (I2 + 4) (I2 + 2)
27972.8(26) 2776.6(16) 17(2) J 1.01(22) (E2) (I2 + 6) (I2 + 4)
31043.4(33) 3070.6(20) 13(2) e (E2)h (I2 + 8) (I2 + 6)
34506.4(41) 3463.0(24) 4(1) e (E2)h (I2 + 10) (I2 + 8)
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TABLE I. (Continued.)

Ex Eγ Irel
a RDCO Mult. Iπ

i Iπ
f

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

Q9
21400.0(19)i 2200.0(19) 8(1) e (E2)h (I3 + 2) I3

23844.9(25) 2444.9(16) 20(2) J 1.04(12)e (E2)h (I3 + 4) (I3 + 2)
26550.4(30) 2705.5(17) 19(2) e (E2)h (I3 + 6) (I3 + 4)
29582.2(37) 3031.8(21) 19(2) J 1.22(25) (E2) (I3 + 8) (I3 + 6)
32991.5(43) 3409.3(23) 13(2) (E2)h (I3 + 10) (I3 + 8)

aRelative intensities have an associated 3% systematic uncertainty from the efficiency calibration.
bA: 894 and 1140 keV; B: 1140 keV; C: 649 and 1140 keV; D: 1425 keV and C; E: 1425 keV; F: 1209 and 1330 keV and C; G: 1830 keV; H:
1425 keV and F; I: 1830 keV and F; J: 649, 1209, 1330, 1425, 1632, 1830, and 1925 keV.
cIntensity set to match feeding 1077-keV transition. Sequence and spin-parity assignment taken from earlier work [29,30,35].
dMultipolarities and spin-parity assignments taken from earlier work [29,30,35].
eDoublet structure—individual DCO ratios are difficult or sometimes impossible to extract.
fThe notation “(E)1” indicates that the multipole order of the transition is dipole (�I = 1), while there is tentative evidence pointing toward
an electric dipole (E1) rather than magnetic dipole (M1) assignment. See text for discussion.
gTentative level energy. Populating och depopulating γ -ray transitions can be subject to exchange.
hTentative multipolarity assignments based on rotational character and yrast arguments.
iCalculated from X1 = 19 000, X2 = 20 300, and X3 = 19 200 keV.

transition. The search for this 1347-keV transition proved
negative (cf. Sec. V A). Finally, the DCO ratios determined
for the main transitions in this low-lying part of the level
scheme confirmed the previous γ -ray multipolarity and de-
rived spin-parity assignments up to the 4081-keV 17/2+ state
[29,30,34–37].

2. The medium-spin region: Bands B2–B5

The spectrum in Fig. 2(b) is in coincidence with the low-
lying 1077-keV 9/2− → 5/2− yrast transition and either one
of the 894- or 1140-keV yrast transitions placed on top of
it. Hence, this spectrum can be considered a reference spec-
trum for the near yrast structures up to the 10 870-, 11 974-,
12 738-, and 14 465-keV states, respectively, They are labeled
B2–B5 in Fig. 1. Cascade B2 is formed by the established
[30] 1830-1330-1209-649-keV E2 sequence, connecting via
the 1772-keV dipole transition into the yrast 4081-keV 17/2+
state (B1). The DCO ratio of the 1772-keV is slightly below
0.6, which is indicative of a small quadrupole admixture.
However, since there is the 1773-keV doublet (see below)
and because g9/2 → f5/2 M2 decay strength cannot be ruled
out in this mass region, the parity of B2 (and all further
dependencies) was assigned only tentatively, in line with a
similar decision taken in Ref. [30]. The parallel 786-1635-
and, rather weak, 609-2304-keV cascades were confirmed as
well. At variance, weak transitions at 1147, 1155, 1200, 1304,
and 1813 keV were grouped into one sequence (B5) rather
than the two in Ref. [30].

The spectrum in Fig. 2(c) aims at structure B4. It is in
coincidence with the 649-keV 23/2(−) → 19/2(−) yrast tran-
sition and the 1422-keV 7/2− → 3/2− (gb) and 1425-keV
33/2 → 29/2 (B4) doublet. In this spectrum, the efficiency-
corrected yield of the 1772 keV transition was found to be
about twice that of the 1209-keV transition. In combina-
tion with coincidence and sum-energy relations of the other
transitions in, and in between, cascades B2 and B4, Fig. 2(c)

led to the placement of the 1773-keV transition between
9483- and 7711-keV states. The coincidence relations within
band B4 were found consistent with those proposed pre-
viously [30], with the exception of the 879-keV transition,
which was moved into that structure as well. The key tran-
sition is the one newly observed at 3255 keV, as 3255 +
879 ≈ 1635 + 2498. The sequence of the 3255- and 879-
keV transitions is based on yrast arguments. Missing yield
in the decay of the 7335-keV level can be explained by
very weak and hence unresolved transitions into, for instance,
the 6502- or 5853-keV states. A 1292-keV line reported
coincident with the 879-keV transition in Ref. [30] was ob-
served, but could not be placed firmly into the level scheme
of Fig. 1. The DCO ratios of the 1773-, 1867-, and 1963-
keV transitions, though all doublets, point toward stretched
�I = 1 character. That assignment implies a spin difference
of four units of angular momentum between the 8214-keV
25/2 and the 4081-keV 17/2+ levels. Consequently, positive-
parity of band B4 is highly favored. Nevertheless, due to
ambiguities in the DCO ratios we refrain from an explicit
assignment.

The spectrum in Fig. 2(d) is focused on structure B3, which
besides some adjustments of γ -ray energies was found to
agree with previous work [30]. The coincidence requirement
with the 1546-keV 29/2(−) → 27/2(−) transition highlights
the 1726- to 1756-keV E2 cascade toward higher spin states
within B3. Notably, the DCO ratios of all four transition
connecting B3 with B2 have rather low values, RDCO ≈ 0.30
(cf. Table I). This implies stretched dipole character with
considerable quadrupole admixture, i.e., E2/M1 transitions
with δ(E2/M1) > 1. Thus, the parities of the states in B2
and B3 must be the same. Figure 2(e) is a spectrum in coin-
cidence with the 1830-keV 35/2(−) → 31/2(−) transition and
several other intense transitions from B2 or B1. This spectrum
proves the presence of the 1868-keV doublet transition into
band B3 as well as the 1963-keV connection toward B4 and
the 1632-keV transition on its top. The respective state at
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Ex = 14465 keV and I = 41/2 was the highest one reported
in Ref. [30].

3. The high-spin region: Quadrupole bands Q1–Q9

The spectrum in Fig. 3 is considered the reference spectrum
for the newly observed high-spin part of the level scheme
of 63Ga, namely the well-deformed band structures labeled
Q1–Q9. The spectrum is in coincidence with either the 649-
or 894-keV transitions, which serve as additional selection
of 63Ga residues, and any of the other reasonably intense
transitions found to belong to 63Ga, namely those at 75, 625,
649, 894, 1077, 1140, 1209, 1330, 1422/1425, 1632/1635,
1772/1773, 1830, 1867/1868, 1925, 1941, and 1963 keV.
Note, in Fig. 3 the top of the peaks at 1772/1773, 1830, and
1867/1868 keV are off scale. In turn, a plethora of peaks at
high energy could be resolved, with relative intensities on
the order of Irel ≈ 0.5 % to 5 % (cf. Table I). A few of the
high-energy transitions observed in Fig. 3 could be connected
to high-lying states of band B4, see right-hand side of Fig. 1.
Here, the DCO ratio of the 2728-keV transition provided
the spin assignment of the 17 193-keV level and, indirectly,
the one of the 14 214-keV state. The vast majority of the
remaining lines, however, could be grouped into nine rota-
tional bands. In-band transitions were primarily observed in
the γ -energy range between 1.8 and 3.5 MeV, while a number
of transitions linking the bands directly to the known part of
the level scheme were identified between 4- and 6-MeV γ -ray
energy. Noteworthy in Fig. 3 are the topmost 5826-keV tran-
sition and the “bump” of several transitions around 4.9 MeV,
as well as its corresponding single-escape structure 511 keV
lower in energy.

In the following, bands Q1–Q9 are briefly described one
by one in connection with the spectra displayed in Fig. 4.
(In the online version, a color code is introduced for Q1–Q9,
with gb and B1–B5 accounting for black or gray.) All nine
spectra in Fig. 4 are subject to a coincidence with one of
the following transitions established in the normally deformed
part of the 63Ga level scheme: 75-, 625-, 649-, 894-, 1077-,
1140-, 1209-, 1330-, 1422/1425-, or 1772/1773-keV. This
selection was a compromise between maximizing statistics for
the 63Ga analysis while keeping disturbances from transitions
of 62Zn at a low, hence bearable, level. For the level scheme
as displayed in Fig. 1, of course, many more spectra were
thoroughly prepared and inspected for each of the bands.

In addition to the base requirements outlined above, the
spectrum in Fig. 4(a) is in coincidence with either one of the
2010- or 2512-keV Q1 in-band transitions. It reveals peaks at
1662 (tentative), 1792 (intense line in 62Zn as well), and 2325
keV. None of these were found to be in mutual coincidence
and were thus placed next to each other at the bottom of Q1.
Their summed yields nicely account for the feeding 2010-keV
line (cf. Table I). Because other main transitions known to
belong to 62Zn [16] were not observed in spectra related to
the analysis of Q1, the 1792-keV line was assigned to Q1 in
63Ga. In addition, a weak peak at 4896 keV was observed in

FIG. 4. Gamma-ray spectra illustrating the nine high-spin rota-
tional bands Q1 through Q9 in panels (a) through (i). The binning
is 4 keV per channel. Energy labels are in keV. In case the labels are
given in parentheses, the transitions are tentatively placed in the level
scheme in Fig. 1. The color code of the labels refers to the band struc-
tures introduced in connection with Fig. 1. All spectra are subject to
the pre-selection for the analysis of 63Ga residues outlined in Sec. III
and are in coincidence with any of the 75-, 625-, 649-, 894-, 1077-,
1140-, 1209-, 1330-, 1422/1425-, or 1772/1773-keV transitions. In
addition, panel (a) is in coincidence with the 2010- and 2512-keV
transitions. Panel (b) is in coincidence with the 4019-keV transition.
Panel (c) is taken in coincidence with the 5826-keV transition. Panel
(d) is in coincidence with the 2270-, 2648-, or 3158-keV transitions.
Panel (e) is in coincidence with the 4904- or 4924-keV transitions.
Panel (f) is in coincidence with the 2351-keV transition. Panel (g) is
in coincidence with the 2915 or 3249-keV transitions. Panel (h) is
in coincidence with the 2569-, 2777-, or 3071-keV transitions. Panel
(i) is in coincidence with the 2706-, 3032-, or 3409-keV transitions.
These coincidence requirements are also indicated by a slanted en-
ergy label in the respective panel. Dashed vertical lines are meant to
guide the eye.
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coincidence with the 2010-, 2512-, and 2325-keV transitions.
The spectrum Fig. 4(a) lacks peaks at, for instance, 1632,
1756, 1867, or 1925 keV. Thus, Q1 is directly connected to
the 10 870-keV 35/2(−) state (B2) via the 4896-keV link. In
fact, a peak at 1830 keV, depopulating the 10 870-keV state,
can be seen in Fig. 4(a). The assigned spin implies Q1 being
very close to if not forming the yrast line, which is consistent
with its rather high relative yield.

The spectrum in Fig. 4(b) is in coincidence with the 4019-
keV quadrupole transition linking Q2 into the 12 738-keV
37/2(−) state (B3). Here peaks at 1726, 1756, 1868, and 1941
keV are clearly visible, next to the 1830-keV line (B2) as well
as the in-band transitions at 2176, 2445, and 2859 keV. The
latter transition was confirmed by spectra in coincidence with
the 2176-keV line.

The spectrum in Fig. 4(c) is in coincidence with the 5826-
keV transition linking Q3 into the 10 870-keV 35/2(−) state
(B2). This state is depopulated by the 1830-keV transition,
which is a doublet with the 1829-keV in-band transition,
inferred from, e.g., the spectrum in Fig. 4(c): The yield of
the peak at 1829/1830 keV is about twice the yield of the
neighboring 1772-keV line, connecting B2 with B1. With
decreasing yield, the other band members were identified
at 2102, 2444, 2883, and, tentatively, 3487 keV. The latter
transition was confirmed by coincidences between Q3 band
members and the γ rays connecting low- to medium-spin
states in 63Ga (see above). In such a spectrum a weak peak
at 1555 keV was observed as well, which is proposed to
be an in-band member positioned underneath the 1829 keV
transition.

The spectrum in Fig. 4(d) is in coincidence with one of the
2270, 2648, or 3158-keV in-band transitions of Q4. Toward
lower γ -ray energies, this spectrum shows a relatively intense
peak at 1963 keV, but none at 1925 keV. Thus, this γ ray was
placed below the 2270-keV transition, rather than representing
the 1963-keV 37/2 → 35/2(−) connection between B4 and
B2. All four Q4 in-band transitions revealed weak, but firm,
coincidences with the 4836-keV high-energy link, which due
to the presence of peaks at 1726, 1756, and 1868-keV in
Fig. 4(d) was assigned as connecting Q4 with the 12 738-keV
37/2(−) state (B3).

The spectrum in Fig. 4(e) is in coincidence with the 4904-
and 4924-keV quadrupole doublet. In-band transitions of Q5
were observed at 2041 and 2059 keV, which were placed in
parallel as 4904 + 2059 ≈ 4924 + 2041, and at 2370, 2828,
and 3222 keV. The observation of the peaks at 1726, 1756,
1868, and 1941 keV in the spectrum led us to connect Q5
with the 12 738-keV 37/2(−) state (B3).

The findings for Q6 were very similar to Q5. In this case,
the spectrum in Fig. 4(f) is in coincidence with the 2351-keV
in-band transition. In the spectrum, the continuation of Q6 to
higher energies and angular momenta is formed by the 2681-,
3073-, and (tentatively) 3459-keV transitions. The decay out
proceeds via the parallel 2009- to 5017- and 2058- to 4968-
keV cascades, both found to feed once again the 12 738-keV
37/2(−) state (B3).

At variance with the previously discussed bands, rotational
sequences Q7, Q8, and Q9 could not be connected to the main
part of the level scheme of 63Ga. Nevertheless, coincidence

relations and coincidence yields of peaks in the lower-lying
yrast sequence indicate that the γ -ray flux from these bands
ends up in 63Ga, but in an unresolved manner. A very weak
line at 4344 keV (cf. Fig. 3) was found in several spectra
inspected for Q7, but neither exit nor entry point could be
unambiguously determined.

Notably, there are a few qualitative differences between
the spectra in Figs. 4(g)–4(i) and Figs. 4(a)–4(f): First, tran-
sitions at 1425 and 1635 keV are enhanced, indicative of
feeding into band B4 as well. Second, the main yield of
the in-band transitions is shifted from ≈ 2.0 MeV to ≈ 2.4
MeV. Finally, there are many small peaks in the energy range
≈2.0–2.3 MeV in Figs. 4(g)–4(i), i.e., the γ -ray flux toward
or in the decay-out region is more heavily fragmented for Q7,
Q8, and Q9 compared with the other bands described earlier.
Therefore, bands Q7, Q8, and Q9 were placed in Fig. 1 at
somewhat higher excitation energies (X1 = 19 000 keV, X2 =
20 300 keV, X3 = 19 200 keV). Their placement also accounts
for the option of Q8 and Q9 representing signature partner
bands; (20 300 − 19 200) = 2200/2. The suggested spin val-
ues are I1 = I3 = 43/2 and I2 = 45/2. In that case, these
bands reach the yrast line at about 26–27 MeV excitation
energy and spin 55/2, consistent with their feeding and decay
pattern illustrated in Figs. 4(g)–4(i).

V. DISCUSSION

With three valence protons and four valence neutrons out-
side the doubly magic N = Z = 28 core 56Ni, the low-spin
part of the level scheme of 63Ga is expected to be governed by
near-spherical shapes and characteristics of the interactions
within the p3/2, p1/2, and f5/2 orbitals, the so-called upper-
f p shell. The 3/2− ground state [36] and further low-lying
negative-parity states (gb in Fig. 1) confirm that. However,
shell-model studies of lighter odd-A Cu or Zn isotopes in-
dicate that f7/2 single-hole configurations can compete with
configurations composed of several particles in the upper-
f p orbitals [14,15]. Therefore, a shell-model assessment of
the negative-parity low-lying states (Ex < 1.5 MeV) was con-
ducted employing the full f p space. The details and the results
are described in Sec. V A. Similar to the influence of holes
in the f7/2 shell, particles in the N = 4 g9/2 intruder orbitals
are known to be crucial for the understanding of nuclei in the
A ≈ 60–70 region. A second set of shell-model calculations is
presented in Sec. V A, using the model space p f5/2g9/2.1

Previous studies of 63Ga [30] and many other nuclei in
the A ≈ 60-70 region clearly indicate the need to allow for
excitations of one or more protons or neutrons from upper-
f p orbitals into the positive-parity g9/2 intruder orbital and
at the same time create holes in the f7/2 shell to describe
their deformed rotational bands at high spin and high excita-
tion energy (see, for instance, Refs. [9,13,16]). Consequently,
cranked Nilsson-Strutinsky calculations were performed to
investigate and classify the various medium- and high-spin
bands in 63Ga. That discussion is the subject of Sec. V B.

1A more comprehensive, full f p shell plus g9/2, model space is to
our knowledge not yet available for shell-model practitioners.
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TABLE II. Comparison of experimental values and shell-model predictions of the magnetic dipole moment, μ, and the electric quadrupole
moment, Qs, of 63Ga for spin I = 3/2 and I = 5/2, thereby complementing Table IV in Ref. [36].

Moment (I) Expt. [36] jj4ba JUN45b FPD6 KB3G GXPF1A

μ(3/2) (μN ) +1.469(5) +1.605 +1.205 +1.539 +1.463 +1.555
Qs(3/2) (eb) +0.212(14) +0.215 +0.239 −0.239 −0.112 +0.197
μ(5/2) (μN ) +1.652(6) +0.909 +0.813 +1.104 +1.415 +1.311
Qs(5/2) (eb) +0.424(25) −0.425 −0.391 −0.272 −0.414 −0.433

aCalculated values taken from Ref. [36].
bRecalculated values; the predictions for Qs(I ) differ slightly from those in Ref. [36], presumably due to use of different effective charges in
Ref. [36] compared with those proposed in Ref. [32].

A. Shell-model calculations

The shell-model code ANTOINE [45,46] was used for
the shell-model calculations. For calculations in the full
f p space, predictions from three interactions were studied,
namely FPD6 [47], GXPF1A [2], and KB3G [3]. Owing
to computational limitations and the level of discussion and
agreement (see below), the configuration space was truncated
to allow for the excitation of up to four particles from the 1 f7/2

shell into the upper f p shell, for which the notation t = 4 is
used. The evolution of the predictions was assessed by means
of preceding t = 0, t = 1, t = 2, and t = 3 calculations. To
probe decay patterns on the t = 4 level, bare g factors were
used and effective nucleon charges taken from Ref. [48], i.e.,
εp = 1.15e and εn = 0.80e for protons and neutrons, respec-
tively. Transition strengths and deduced branching ratios and
mixing ratios of the transitions and lifetimes of the nuclear
states were based on the experimental γ -ray energies.

Following the association of observed and calculated lev-
els, mean level deviations (MLD) in conjunction with binding
energy shifts (BES) provide an overview of the agreement be-
tween experiment and theory in terms of energy levels. Mean
branching deviations (MBD) [49] were derived to compare
predicted and observed electromagnetic decay properties.

The shell-model comparison with the experimental data
was complemented with unrestricted calculations in the
f5/2 pg9/2 space using the interaction JUN45 [32]. According
to Ref. [32], gs,eff = 0.7gs,free and g�,eff = g�,free were used as
well as the effective charges εp = 1.5e and εn = 1.1e for pro-
tons and neutrons, respectively. For completeness, Mizusaki
and coworkers presented a brief shell-model comparison of
63Ga described in Ref. [50].

Procter et al. validated the 3/2− assignment to the 63Ga
ground state with shell-model predictions using the f5/2 pg9/2

space (cf. Table IV in Ref. [36]). In Table II we complement
that set of calculations with the predictions from the t = 4
calculations in the f p model space. Clearly, the predictions
for the magnetic moment, μ(3/2), are in excellent agreement
with the experimental number for all three interactions stud-
ied. However, only the GXPF1A interaction is in line with a
positive value for the electric quadrupole moment, Qs(3/2).
The predictions for μ(5/2) are somewhat larger than those
from calculations in the f5/2 pg9/2 space, while predictions for
Qs(5/2) are of similar size and all with a negative sign. Hence,
the same conclusion as Ref. [36] can be drawn, the ground
state spin and parity is 3/2−, also supported by the calculation
using the GXPF1A interaction.

1. Notes on the low-spin region

Concerning the low-lying negative parity states, up to 1.5
MeV in excitation energy, the predictions of the calculations
in the f p model space are displayed in Fig. 5. The pre-
dicted decay properties are summarized in Table III, including
those from the JUN45 interaction acting in the f5/2 pg9/2

space. Looking at Fig. 5, there are two general observa-
tions. First, the predicted energies start converging with t =
2, as expected. Second, the predictions of the three interac-
tions are remarkably different, which came as some surprise.

FIG. 5. Evolution of predicted low-energy negative-parity states
as a function of parameter t , denoting the number of particles allowed
to be excited across the shell gap at N = Z = 28. The different
panels relate to different interactions used for the full f p shell-model
space. The experimentally observed states (exp) are shown on the
right-hand side of each panel. See text for details.
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TABLE III. Experimental (cf. Table I and Refs. [34,35]) and predicted excitation energies, Ex , lifetimes, τ , mixing ratios, δ(E2/M1), and
branching ratios, b, of low-lying negative-parity states in 63Ga. Energies of unobserved levels or γ -ray transitions are listed in italic. A star, �,
implies use for MLD, BES, and MBD assessments. In the lower part of the Table, the possibility of assigning 7/2−

1 to the 1153-keV state and
7/2−

2 to the 1422-keV state is explored. See text for details.

JUN45 FPD6 KB3G GXPF1A
τ (ps) τ (ps) τ (ps) τ (ps)

Ex Iπ
i Iπ

f Eγ

(keV) (h̄) (h̄) (keV) bexp b δ b δ b δ b δ

75 � 5/2−
1 41800 1930 14600 13200

3/2−
1 75 100 100 +0.07 100 +0.03 100 –0.05 100 +0.02

200 1/2−
1 36 24 94 110

5/2−
1 125 n.o. 0 0 0 0

3/2−
1 200 n.o. 100 –0.05 100 –0.05 100 –0.15 100 –0.08

443 � 3/2−
2 20 4.3 2.8 4.1

1/2−
1 243 n.o. 41 +0.12 10 –0.11 0 +0.06 1 +0.48

5/2−
1 368 16(5) 25 +0.20 9 +0.35 3 +0.14 3 –0.28

3/2−
1 443 84(5) 34 +0.02 81 +0.12 97 +0.11 97 +0.05

722 � 5/2−
2 1.1 3.7 99 3.1

3/2−
2 279 4(2) 5 +0.07 4 +0.08 13 +1.3 2 +0.06

1/2−
1 522 n.o. 0 4 50 2

5/2−
1 647 39(13) 11 +0.02 62 +0.34 33 +0.06 13 –0.12

3/2−
1 722 57(11) 84 –0.33 30 +6.4 4 –0.36 83 –0.54

1153 � 9/2−
1 1.7 1.6 1.7 1.7

5/2−
2 431 n.o. 0 0 0 0

5/2−
1 1077 100 100 100 100 100

1422 � 7/2−
1 0.27 0.13 0.27 0.41

9/2−
1 269 n.o. 0 +0.05 0 0.00 0 –0.02 0 +0.13

5/2−
2 699 19(2) 2 –1.2 12 –0.02 9 +0.31 3 +0.74

3/2−
2 979 17(1) 1 4 1 11

5/2−
1 1347 n.o. 68 –0.86 78 +0.73 39 +6.9 69 +13

3/2−
1 1422 64(2) 29 6 51 17

2100 11/2−
1 7.0 0.53 5.9 3.9

7/2−
1 678 n.o. 25 4 37 30

9/2−
1 947 n.o. 75 –3.4 96 +0.34 63 +11 70 +19

3000 13/2−
1 0.33 0.13 0.18 0.11

11/2−
1 900 n.o. 23 +0.31 3 +0.46 1 +0.92 0 –2.0

9/2−
1 1847 n.o. 77 97 99 100

MLD (keV) 149 267 330 228
BES (keV) –177 74 –70 –37
MBD 0.263 0.104 0.101 0.119

1153 � [7/2−
1 ] 0.67 0.32 0.83 1.3

5/2−
2 431 n.o. 1 –0.73 7 –0.01 6 +0.19 2 +0.46

3/2−
2 710 n.o. 1 2 0 7

5/2−
1 1077 100 73 –0.69 86 +0.59 39 +5.5 72 +10

3/2−
1 1153 n.o. 25 5 54 19

1422 � [7/2−
2 ] 0.87 0.42 0.39 0.97

7/2−
1 269 n.o. 0 +0.01 0 +0.02 0 +0.03 0 +0.29

5/2−
2 699 19(2) 1 –0.61 7 +0.03 15 –0.13 14 –0.13

3/2−
2 979 17(1) 7 0 3 17

5/2−
1 1347 n.o. 68 0.00 12 –3.3 33 +0.32 3 +2.4

3/2−
1 1422 64(2) 26 80 48 66

MLD (keV) 94 128 253 149
BES (keV) –258 69 –259 –121
MBD 0.257 0.083 0.162 0.090
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Typically, for nuclei located in the f7/2-quadrant and including
neutron-deficient Ni and Cu isotopes, predictions are similar
and of an excellent “spectroscopic quality” [1–3]. This allows
for very intriguing studies of, for instance, isospin breaking
effects in mirror nuclei [4,5]. As with the context of the 3/2−
ground-state spin-parity assignment, GXPF1A performs best
in reproducing the observed yrast and near-yrast sequence.
There is only one exception: The order of the 7/2−

1 and 9/2−
1

yrast states is interchanged. FPD6 predictions are of compara-
ble quality. The order of the 7/2−

1 and 9/2−
1 yrast states is also

an issue. The 1/2− state is predicted at a considerable higher
excitation energy (443 keV) compared with GXPF1A (0 keV,
ground state), and the gap between the predicted 11/2−

1 and
13/2−

1 states is predicted larger than in case of GXPF1A.
However, these states are yet to see an experimental counter-
part. In turn, predictions from KB3G put the 7/2−

1 and 9/2−
1

yrast states into the correct order, but at too low excitation
energies. At variance, KB3G predicts a 5/2− ground state; the
yrast 3/2−

1 state is placed at a high value of 680-keV excitation
energy. Furthermore, the calculated gap between the 11/2−

1
and 13/2−

1 states is almost vanishing. This sequence of level
of agreement is confirmed by the numbers, i.e., at first rather
large and then further increasing MLD values for GXPF1A,
FPD6, and KB3G predictions, respectively (cf. central rows in
Table III). The best agreement for the set of low-lying states
in terms of energy levels was found for the JUN45 interaction,
despite its closed 56Ni core.

Based on the numerical results listed in Table III, it is
worth dwelling on a few more consistencies and, primar-
ily, inconsistencies, both among the different shell-model
parametrisations, but also with respect to the experimental
findings. Experimentally, the 75-keV 5/2− → 3/2− ground-
state transition was established. Using this energy and the
predicted B(M1) and B(E2) decay strength, the lifetime pre-
dictions of the 75-keV 5/2−

1 state range from 1.9 ns (FPD6)
to 41.8 ns (JUN45). The latter is not consistent with the
fact that the 75-keV transition is clearly observed in the
present in-beam data, with 63Ga recoils leaving the focus of
the Gammasphere array at a speed of v ≈ 3 % c ≈ 1 cm/ns.
All interactions predict a 100% decay branch of the hitherto
unobserved 1/2− yrast state into the 3/2− ground state with
lifetimes of several tens of picoseconds. The three calculations
in the f p space provide good descriptions of the decay pattern
of the yrare 3/2−

2 state observed at 443 keV, while JUN45
prefers a decay path via the unobserved 1/2−

1 state. The yrare
5/2−

2 state at 722 keV is, however, very well described by
JUN45, likewise FPD6 and GXPF1A. Here, KB3G is off,
both in terms of energy [cf. Fig. 5(b)], decay pattern, and
predicted lifetime. In turn, associating the observed level at
1153 keV with the calculated 9/2− yrast states, an exclusive
decay branch into the 75-keV 5/2− yrast state is predicted
consistently as well as very similar lifetimes of that 9/2− state.

None of the four interactions studied is capable of repro-
ducing the decay pattern of the yrast 7/2− state observed at
1422 keV. In fact, all four prefer a significant if not dominating
mixed E2/M1 transition into the 75-keV 5/2− yrast state,
rather than the observed main E2 branch into the 3/2− ground
state. That disagreement is the major contribution to the rather
large MBD values. As noted in Sec. IV, an explicit search

for the respective 1347-keV 7/2−
1 → 5/2−

1 transition proved
negative.

Experimentally, based on previous [29,30] and
present reports, it is difficult to argue that the 894-625-
1422-keV sequence does not comply with a quadrupole-
dipole-quadrupole cascade into the ground state, i.e.,
13/2+ → 9/2+ → 7/2− → 3/2−. However, one may
consider the possibility to change the spin-parity assignment
of the 1153-keV state from 9/2− to 7/2−, i.e., that state
representing the yrast 7/2−

1 and thus the 1422-keV state
representing the yrare 7/2−

2 level. This scenario is investigated
in some more detail in the lower part of Table III. Here, the
1077 keV transition would represent the 7/2− → 5/2−
dipole transition, which is predicted to have a considerable
if not dominating B(E2) strength, i.e., its measured angular
distribution and correlation data might be similar to a
stretched �I = 2 transition. Similarly, a possibly strong
g9/2 → f5/2 re-coupling can lead to a sizable M2 strength
for the 894 keV transition connecting the 2046-keV 9/2+

1
state with a (in this scenario) 1153-keV 7/2−

1 state. Note
that due to the doublet structure of this 894-keV transition,
angular distribution data is not reliable and angular correlation
data limited. Similar to the search for a possible 1347 keV
mentioned above, the search for an 1153-keV transitions
proved negative, too (cf. Table III, [7/2−

1 ] → 3/2− branch).
Interestingly, for this scenario the MLD values improve
for all four interactions. The overall agreement between
predicted and observed decay pattern improves as well.
The improvement is in fact substantial in case of FPD6
and GXPF1A, thus approaching a level of agreement usually
obtained for the somewhat lighter nuclei in the A ≈ 60 region.

As a final note on Fig. 5 and Table III, one can state that the
predictions for the decay pattern of the hitherto unobserved
11/2− and 13/2− states are different for the different interac-
tions studied. Interactions with isospin-breaking terms (see,
e.g., Refs. [4,5]) were not considered in the present study,
because the KB3G interaction in itself was found to perform
comparatively poorly in the case of 63Ga.

2. Notes on the medium-spin region

The parameter space of the JUN45 interaction allows a
comparison with the observed structures B1, B2, B3, and B4
(cf. Fig. 1) as well. For this exercise we assign negative parity
to B2 and B3 and positive parity to B4. Furthermore, for
the assessment of decay patterns we assume a typical value
of B(E1) = 1 × 10−5 e2 fm2 for all parity-changing �I = 1
transitions. Numerical results are listed in Table IV. Observed
and predicted excitation energies are compared in Fig. 6. To
ease related discussions within the Cranked-Nilsson Strutin-
sky approach, Fig. 6 provides the energies in those terms, i.e.,
relative to a rotating liquid drop energy [51] (see Sec. V B).

The signature partners of the structure gb were discussed
earlier. Experimentally, the yrast sequence continues with
the 9/2+-21/2+-E2 sequence, the behavior of which is re-
produced nicely by JUN45, but about 1 MeV too high in
energy. This mismatch, found for several neutron-deficient
Ga isotopes, was already noted and annotated in the original
JUN45 publication [32]. In fact, JUN45 predicts the exper-
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TABLE IV. Experimental (cf. Table I and Refs. [34,35]) and predicted excitation energies, Ex , lifetimes, τ , mixing ratios, δ(E2/M1), and
branching ratios, b, of structures B2 and B3 (presumed negative parity) as well as B1 and B4 (presumed positive parity) in Fig. 1. Energies of
unobserved levels or γ -ray transitions are listed in italic. A star, �, implies use for MLD, BES, and MBD assessments. E1 strengths were set
to B(E1) = 1 × 10−5 e2 fm2 for all parity-changing �I = 1 transitions.

JUN45
τ (ps)Ex Iπ

i Iπ
f Eγ

(keV) (h̄) (h̄) (keV) bexp b δ

B2 and B3, π = −
5853 � 19/2− 11

[15/2−] 609 1.0(3) 0
17/2+ 1772 99.0(3) 100

6502 � 23/2− 16
19/2− 649 91(1) 87
21/2+ 786 9(1) 13

7711 � 27/2− 0.90
23/2− 1209 100 100

7912 � 25/2− 0.23
27/2− 201 n.o. 0 +0.09
21/2− 847 n.o. 0
23/2− 1411 100 100 +0.46

9040 � 31/2− 0.69
27/2− 1330 100 100

9256 � 29/2− 0.14
31/2− 216 n.o. 0 +0.04
25/2− 1344 29(3) 20
27/2− 1546 71(3) 80 +0.39

10870 � 35/2− 0.25
31/2− 1830 100 100

10982 � 33/2− 0.04
35/2− 112 n.o. 0 –0.05
29/2− 1726 40(3) 10
31/2− 1941 60(3) 90 +0.19

12738 � 37/2− 0.04
33/2− 1756 42(3) 6
35/2− 1868 58(3) 94 +0.19

MLD (keV) 261
BES (keV) –610
MBD 0.159

B1 and B4, π = +
2941 � 13/2+ 3.9

9/2+ 894 100 100
4081 � 17/2+ 1.1

15/2+ 703 n.o. 11
13/2+ 1140 100 89

5716 � 21/2+ 0.13
17/2+ 1635 100 6
19/2+ 1923 n.o. 94

7335 � 21/2+
2 0.01

23/2− 833 n.o. 0
19/2− 1482 n.o. 0
21/2+ 1619 n.o. 29 +0.05
19/2+

2 1717 n.o. 0 +0.53
17/2+

2 2680 n.o. 4
17/2+ 3255 100 57
19/2+ 3542 n.o. 10 +1.8

8214 � 25/2+ 0.03
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TABLE IV. (Continued.)

JUN45
τ (ps)Ex Iπ

i Iπ
f Eγ

(keV) (h̄) (h̄) (keV) bexp b δ

27/2− 503 n.o. 0
21/2+

2 879 33(6) 0
23/2− 1712 16(5) 0
21/2+ 2498 51(7) 53
23/2+ 2596 n.o. 47 –0.01

9483 � 29/2+ 11
31/2− 443 n.o. 2
27/2+ 805 n.o. 0 –0.28
25/2+ 1269 43(5) 1
27/2− 1773 57(5) 97

10908 � 33/2+ 0.38
35/2− 38 n.o. 0
29/2+ 1425 39(3) 96
31/2− 1867 61(3) 4

12833 � 37/2+ 0.12
33/2+ 1925 84(2) 99
35/2− 1963 16(2) 1

14465 � 41/2+ 0.41
37/2+ 1632 100 100

MLD (keV) 550
BES (keV) –717
MBD 0.354

imentally unobserved π = +, α = −1/2, structure, and in
particular the 19/2+ and 23/2+ states, considerably below
the observed π = + α = +1/2, structure. Since the previ-
ous and the present experimental results were obtained from
fusion-evaporation reactions, which populate high-lying states
at high spin and then typically approaching and following the
yrast line toward the ground state, there is practically no way
to have missed such a pronounced yrast π = +, α = −1/2
structure. Furthermore, strong �I = 1 branches are predicted,
e.g., 21/2+ → 19/2+ or 17/2+ → 15/2+, in striking vari-
ance with former and present experimental observations. In
turn, lowering the predicted π = +, α = +1/2 cascade, so
that it matches its experimental counterpart, would solve that
discrepancy.

The situation is similar for the negative-parity bands B2
and B3, representing opposite signatures. In Fig. 6 one can
see that they are reproduced very well relative to the predicted
B1 structure, i.e., lowering them by about the same amount
places the predictions close to experiment. Numerically, this
is seen in BES = −610 keV in Table IV. The decay pattern of
B2 and B3 are in general very well reproduced, in particular
the 1772- and 786-keV E1 branches at the bottom. The finite
δ(E2/M1) mixing ratios of the �I = 1 transition from B3 into
B2 are consistent with the measured low DCO values for these
transitions (cf. Table I). Only the decay pattern of the 12 738-
keV state at the top of B3 is poorly reproduced, leading to a
relatively large overall MBD value.

Similarly to B1, also B4 is predicted too high in energy.
Furthermore, the lowest two calculated members of B4, i.e.,
the 21/2+

2 level and the 25/2+ yrast state, are clearly not
members of the observed cascade B4. This is also seen in

the predicted lifetime of the 29/2+ state, based on too small
“in-band” B(E2) values, causing an almost exclusive E1 de-
cay from B4 into B2 in the predictions, also at variance with
observations.

Experimentally, bands B2, B3, and B4 terminate at spins
35/2−, 37/2−, and 41/2+. In the predictions, the respective
next transition is predicted at some 4–6 MeV in energy,
i.e., this observed terminating feature is in perfect agree-
ment with the predictions. All in all, with minor adjustments,
JUN45 provides a satisfactory description of bands B1
through B4.

B. Cranked Nilsson-Strutinsky calculations

In the following, the observed bands in 63Ga are compared
with calculations performed in the cranked Nilsson-Strutinsky
formalism [52–54]. The model is based on the rotating
modified oscillator potential, where special measures are
introduced to label different configurations. Thus, the eigen-
states of the potential are classified as belonging to specific j
shells or groups of j shells based on the dominant amplitudes
in their wave functions. For mass A ≈ 60 nuclei, an appro-
priate classification scheme makes it possible to label total
configurations as [(p1)p2 p3; (n1)n2n3]. Here, p1 (n1) is the
number of proton (neutron) holes in orbitals of f7/2 character,
p2 (n2) the number of particles in the upper f p shell, and p3

(n3) the number of g9/2 particles. The numbers in parenthe-
ses are omitted when equal to zero. For an odd number of
particles in a given group, signature can be specified with a
subscript “+” for α = +1/2 and “−” for α = −1/2. For all
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FIG. 6. (a) Excitation energies of the experimental low- to
medium spin states labeled gb and B1, B2, B3, and B4 in Fig. 1,
respectively. (b) Excitation energies of yrast and a few selected yrare
states predicted by shell-model calculations in the f5/2 pg9/2 model
space and the JUN45 interaction [32]. The energies in both panels
are plotted relative to a rotating liquid drop energy, Erld, calculated
according to Ref. [51] (cf. Fig. 7). Structures of positive (negative)
parity are connected with full (dashed) lines. Structures with posi-
tive (negative) signature, α = ±1/2, are indicated by filled (open)
symbols.

configurations considered in this study, α = 0 for an even
number of particles. The CNS formalism has previously been
applied to a large number of nuclei in the A = 60 region
(see, for instance, Ref. [55] for an overview), as well as for
nuclei across the chart of nuclei where high-spin bands are in
experimental reach [53]. In the present study we consider only
standard parameters [52] (see below).

1. Assessment of the medium-spin bands B1–B5

The observed low- to medium-spin valence space bands of
63Ga are drawn relative to the rotating liquid drop energy in
Fig. 7(a). It is evident that the experimental ground-state (gs)
bands, shown in Fig. 7(a), are formed with all particles in the
f p orbitals. In turn, B1 includes one g9/2 particle. Because the

FIG. 7. Comparison between observed and calculated bands in
the valence space of 63Ga. In panel (a) the energies of the ob-
served bands are drawn relative to a rotating drop reference [51].
The calculated configurations assigned to these bands are drawn
relative to the same reference in panel (b). The difference between
experiment and calculations is shown in panel (c). The excited con-
figuration, ([21+; 3+1+])2, was calculated allowing for all possible
excitations. Structures of positive (negative) parity are connected
with full (dashed) lines. Structures with positive (negative) signature,
α = ±1/2, are indicated by filled (open) symbols.

Fermi level comes higher for neutrons than for protons, the
band lowest in energy of this type comprises one g9/2 neutron,
i.e., [30;31]. However, the lowest calculated band has signa-
ture α = −1/2 while the observed band B1 has α = +1/2.
The lowest calculated band with positive signature sees one
g9/2 proton, namely [21;40]. Note that this configuration will
be favored by like-particle pairing because it has only one
“odd particle,” contrary to the [30;31] configuration with three
“odd particles.” Band B1 is thus assigned as [21+, 40].

The next bands to consider are the (suggested) negative-
parity bands B2 and B3. Thus they have to comprise two
g9/2 particles. The observed bands B2 and B3 are strongly
down sloping toward their maximum spin values (cf. Fig. 6).
This feature implies that their configurations must have one
g9/2 proton and one g9/2 neutron, because the large signa-
ture splitting between the two lowest g9/2 orbitals will push
configurations with two like g9/2 particles, say, [30;22], to
a much higher energy and with less down sloping E − Erld

curves. Note also that the highest observed spins in bands B2
and B3 nicely correspond to the Imax value in the [21+; 3±1+]
configurations, namely 17.5 and 18.5, respectively.

To find configurations with higher spin values, i.e., to ex-
plain band B4, more particles must be excited to g9/2 orbitals
or particles can be excited from the f7/2 orbitals of the 56Ni
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core. However, such holes lead to configurations with less fa-
vored high-spin states, i.e., less down sloping E − Erld curves.
Thus, the strong down slope of the E − Erld plot for band
B4 in Fig. 7(a) implies that its configuration cannot contain
any f7/2 holes. Hence, because it is observed to I = 20.5 h̄,
it must have at least three g9/2 particles, i.e., the only rea-
sonable assignment is the [21+; 22] configuration. Note that
this configuration has positive parity and Imax = (4 + 4.5 +
4 + 8) h̄ = 20.5 h̄, corresponding to the highest observed spin
in band B4.

In this medium-spin regime, the remaining bandlike struc-
ture to investigate is band B5. It is interesting to note that
its in-band transition energies are almost identical to those
of B2, while the band is positioned ≈ 1.1 MeV higher in
energy. Because the band is coming steeply down when drawn
relative to the rotating liquid drop energy, very much like
bands B2, B3, and B4, it cannot have any holes in the f7/2

orbitals. Considering bands with two g9/2 particles, i.e., neg-
ative parity, calculated bands will be unfavored in energy
if one of the g9/2 particles is placed in the second lowest
g9/2 orbital. Thus, the only reasonable configuration has one
proton and one neutron in the lowest g9/2 orbital, i.e., the
configuration π ( f p)2(g9/2)1ν( f p)3(g9/2)1 or [21+; 3+1+], to
obtain the proper total signature of band B5, α = −1/2. This
configuration was, however, already assigned to band B2.
This suggests that band B5 is an excited band within the
[21+; 3+1+] classification.

With the assignments suggested above, observed and
calculated bands are compared in Fig. 7(c). The general agree-
ment is on a similarly good level as in previous studies in the
mass region. The differences collected along a down sloping
curve are as expected when pairing is neglected. There is one
distinct discrepancy in the difference curve though, namely
that the highest spin states in specific ν( f p)3 configurations
are calculated too high in energy. This problem can be largely
accounted for by lowering the f5/2 shell relative to the p3/2

shell as illustrated in, for instance, Fig. 24 of the very com-
prehensive study of the even-even isotone 62Zn [16]. In that
figure it is shown how a favored I = 4.5 coupling is formed
within the partial ν( f p)3 configuration of band 2 in 62Zn, i.e.,
with the mi = 5/2, 3/2, and 1/2 states filled. Then, for the
signature partner, the Imax = 5.5 state is formed by lifting the
mi = 1/2 particle to the second mi = 3/2 orbital as illustrated
by an arrow in that figure. This ν( f p)3 configuration is not
formed from orbitals below a straight-line Fermi surface and
is thus much less favored in energy. A similarly unfavored
Imax state is formed in the second lowest ν( f p)3 band with
signature α = +1/2, which is assigned to band B5 of 63Ga.
It is formed by lifting the mi = 1/2 neutron to the second
lowest mi = 1/2 state. We can thus conclude from Fig. 24 of
Ref. [16] that if the f5/2 shell was lowered relative to the p3/2

shell, the highest spin states in the configurations assigned to
bands B3 and B5 would come closer to experiment. Similar
examples from bands in 62Zn are presented in Ref. [16]. In-
deed, one of the features of the new A ≈ 60 CNS parameters
introduced in Ref. [55] is to put the f5/2 and p3/2 shells closer,
which leads to a better description of a multitude of observed
bands. However, another feature of these new parameters is to
place the g9/2 neutron shell at a lower energy than the g9/2 pro-

FIG. 8. Comparison between observed high-spin collective
bands Q1–Q6, which were linked into the low- and medium-spin
level scheme 63Ga, and their calculated counterparts. The bands are
drawn into panels (a)–(c) in the same way as in Fig. 7.

ton shell. This does not seem to be appropriate in view of the
general understanding that high- j intruder shells are placed
lower for protons than for neutrons because of the Coulomb
potential. Therefore, we used the standard parameters in the
present description of the 63Ga bands.

2. Assessment of the linked high-spin bands Q1–Q6

The energies of the high-spin bands, which were experi-
mentally linked to the valence-space bands, are drawn relative
to the rotating liquid drop energy in Fig. 8(a). The config-
urations assigned to them are shown in the same manner in
Fig. 8(b), and the difference between experiment and calcula-
tions can be judged in Fig. 8(c). These differences are nicely
collected around zero, suggesting that our assignments are
correct. Note, however, that on average the curves in Fig. 8(c)
are slightly up sloping. In general one would expect them to
be slightly down sloping, considering the neglect of pairing in
the CNS calculations.

Bands Q1 and Q2 are close to signature degenerate. This
can be expected for configurations with one hole in the f7/2

orbitals, which was noticed as early as in the first bands of this
type identified in 64Zn [6] and 62Zn [7]. They are thus assigned
to the signature partners of the [(1)22,22] configuration, which
in fact terminate at the highest observed spin values of Q1 and
Q2, namely I = 26.5 and 27.5, respectively. The somewhat
uneven character of the experimental energy curve of Q1 is
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unexpected and different to, for instance, the TB1 and TB2
bands in 62Zn [7,16]. But even so, it is difficult to imagine any
alternative assignment for these two bands.

Bands Q3 and Q4 are the bands which are most regular
over an extended spin range. They show a pronounced signa-
ture degeneracy, suggesting that they comprise one f7/2 hole
for either protons or neutrons or rather for both protons and
neutrons, considering that they are observed to spin values
just below spin I = 30 h̄. Then, because of their negative
parity, their configuration consists of an even number of g9/2

particles. Therefore, they are compared with the lowest energy
[(1)22; (1)3+2] signature partners in Fig. 8. This interpreta-
tion appears convincing, which implies that Q3 is observed to
termination and that Q4 is experimentally one transition short
of its predicted unfavored termination.

Bands Q5 and Q6 are similar to each other and the states
along the bands are close to degenerate according to the
suggested experimental spin values and parities. Such a de-
generacy would be expected if both protons and neutrons
have one f7/2 hole in configurations where the signature for
both protons and neutrons is switched. For example, this is
the case for the two configurations [(1+)22; (1+)3+2] and
[(1−)22; (1−)3−2]. Consequently, these predictions for these
configurations are compared with the experimental bands Q5
and Q6 in Fig. 8. We note that the unfavored signature, α =
−1/2, is chosen for the f p neutrons because Q3 and Q4 were
already assigned to two of the configurations with the favored,
α = +1/2 signature for these neutrons. The comparison for
bands Q5 and Q6 in Fig. 8(c) is satisfactory but leaves room
for improvement, considering the increasing trend and the
somewhat large positive deviations for the highest spin values.
One should also note that the energy degeneracy in the lower
spin range is very well fulfilled for the calculated bands but
slightly violated in the observed bands. From the theoretical
point of view, the Fermi level will appear in a region where
the highest f7/2 orbitals come close to the next lowest f p
orbitals. As discussed in Refs. [16,55], this can complicate
the distinction between the f p and f7/2 orbitals, which is dis-
cussed in connection with, for example, Fig. 28 of Ref. [16].
Consequently, the calculated energies of the configurations
assigned to Q5 and Q6 are less precise.

3. Discussion of the high-spin bands Q7, Q8, and Q9

The bands Q7, Q8, and Q9 could not be connected to the
observed valence-space structures. This rules any assignment
tentative. A further complication in the present case is that the
bands with two, three, and four f7/2 holes are predicted at a
similar energy for spin values around or just below I = 30 h̄.
On the other hand, considering that bands Q7–Q9 are not
linked it seems reasonable to assume that they are more differ-
ent from the valence-space bands B1–B5 than bands Q1–Q6,
i.e., that bands Q7–Q9 have to have a larger number of f7/2

holes than Q1–Q6. It is then satisfying to see that with the
chosen spin values and excitation energies, these bands are
well described by configurations with four f7/2 holes. This
is demonstrated in Fig. 9, where the experimental bands are
compared with the two calculated configurations, which are
lowest in energy for spin values just beyond I = 30 h̄ and a

FIG. 9. Comparison between observed bands—Q7, Q8, and
Q9—not connected to the main body of the level scheme and the
calculated bands in 63Ga. The bands are drawn into panels (a), (b),
and (c) in the same way as in Fig. 7.

third configuration, which is also among those with lowest
calculated energy in this spin range.

4. Configuration overview

To obtain a more general understanding of the observed
bands in 63Ga, Fig. 10 places the observed bands and their
assigned configurations in a scheme depending on the total
number of f7/2 holes and g9/2 particles. A similar figure was
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constructed for 62Zn [16]. It is interesting that with present
assignments, the bands in 62Zn and 63Ga cover the same range
of excitations. They start from the ground bands with all
particles in the f p orbitals to finally reach configurations of
the type ( f7/2)−4(g9/2)6. However, while all kinds of interme-
diate excitations appear to be observed in 62Zn, the number
of observed excitations is more limited in 63Ga, most likely
reflecting the experimental limitations of lower statistics due
to a smaller production cross section.

VI. SUMMARY AND CONCLUSIONS

The level scheme of 63Ga was extended considerably,
now comprising more than one hundred γ -ray transitions
connection more than 80 excited states. The low-spin part
of the level scheme was found to be consistent with previ-
ous work, though comparison with theory indicates that a
dedicated experimental study is worth conducting to settle
some possible inconsistencies. In view of mirror nuclei in-
vestigations reaching nuclei beyond 56Ni, it is crucial that
the more neutron-rich partner provides a well-established
basis or reference. Either a light-ion induced reaction, e.g.,
58Ni(7Li, 2n) 63Ga, or a heavy-ion fusion-evaporation near
threshold, e.g., 40Ca(28Si, αp) 63Ga, with a focus on angular
distribution and angular correlation measurements, is sug-
gested.

Such studies would also have the potential to broaden
the level scheme, i.e., possibly identify additional near-yrast
levels up to some 4 MeV in excitation energy. 63Ga is seem-
ingly a challenge for contemporary but otherwise rather well
established shell-model interactions. Thus, the present result,
presumably together with complementary, new data on 63Ga
and other neighboring nuclei, may help to refine existing
shell-model interactions or provide valuable if not decisive

input for more comprehensive shell-model spaces such as,
e.g., f pg9/2 or f pg9/2d5/2.

The medium-spin (I ≈ 10 to 18 h̄) and excitation energy
(Ex ≈ 5 to 14 MeV) part of the 63Ga was partially revised and
grouped into four bandlike structures, which find consistent
explanations both from a shell-model point of view as well as
cranked Nilsson-Strutinsky calculations. This provides confi-
dence to the firmly and tentatively assigned spins and parities
of the corresponding states.

A total of nine rotational bands were observed at high
spins (I > 20 h̄) and excitation energies (Ex > 15 MeV), six
of which could be connected by high-energy linking transi-
tions to the previously known part of the level scheme. They
find their explanation in an increasing number of holes gen-
erated in the f7/2 orbitals below 56Ni, in combination with an
increasing number of particles in the deformation driving g9/2

orbitals. Complementing Fig. 10 as well as attempting to drive
the level scheme of 63Ga to new heights in spin and energy,
like for some neighboring nuclei [56,57], poses a challenge
for the new generation of germanium tracking arrays.
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