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High-spin states in ’Cu and implications for states in the mirror nucleus ®*Ga
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High-spin states in ®Cu are investigated on the basis of reaction-channel-selected y-ray spectroscopy.
Data stem from three experiments that used the same fusion-evaporation reaction at similar beam energies.
The Gammasphere y-ray spectrometer was combined with the Microball CsI(Tl) detector array and sets of
liquid-scintillator neutron detectors which allowed us to identify and tag on evaporated light charged particles and
neutrons, respectively. A level scheme is proposed which comprises more than 300 y-ray transitions connecting
more than 100 excited states. Predictions from cranked Nilsson-Strutinsky calculations describe the observed
high-spin collective structures in %*Cu. Predictions of shell-model calculations are probed with a suite of low- to
medium-spin states of both parities. Taking into account isospin-symmetry-breaking terms in these calculations,
a case study of the yrast line of the weakly bound mirror nucleus ®Ga is presented.

DOI: 10.1103/mfz2-qldg

I. INTRODUCTION

High-spin nuclear structure of nuclei near doubly magic
5Ni is governed by particle-hole excitations across the shell
gaps at neutron and proton number N, Z = 28. Depending on
the number of holes in the high-j f7,, orbital below these
gaps, and the number of particles in the high-j g9/, orbital
above them, collective magnetic-dipole structures, dubbed
shears bands, and well- to superdeformed rotational bands
arise as a function of excitation energy and angular momen-
tum [1-3]. Because of increased residual interactions between
aligned high-j angular momenta of similar proton and neutron
states, these collective effects are found to be enhanced at
the N = Z line [4-6]. Furthermore, the close proximity of
the N = Z line with the proton dripline for proton numbers
Z > 28 led to the discovery of discrete-energy proton emis-
sion from high-spin rotational states [4,5]. Embarking on this
proximity situation, it has been recently shown that well-tuned
shell-model calculations are capable of describing mirror en-
ergy differences as a function of spin when quasibound states
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at the proton dripline are involved. This has been exemplified
by the data of the isospin T, = +1/2 pair *'Ga-®'Zn [7].

The present study on ®°Cu complements previous high-
spin nuclear-structure studies of neutron-deficient mass N ~
Z nuclei with Z > 28. Comprehensive decay schemes have
been derived for, e.g., N =~ Z nuclei such as °Ni [8], ¥’Ni [9],
38Ni [10], 2°Ni [11], °°Ni [12], °8Cu [13], *Cu [3], 'Cu [14],
9Zn [6], ©'Zn [15], ®*Zn [16,17], *Ga [18], and “*Ga [19].
Information on ®°*Cu, however, remains comparatively scarce
[20], although a dedicated study was able to delineate the yrast
line of the nucleus up to a I™ = 137 state at 8.1-MeV excita-
tion energy [21]. That study engaged angular-correlation and
polarization measurements to unambiguously determine spins
and parities of a considerable number of low-lying excited
states of ®'Cu. It provided an excellent starting point for the
present work.

Following a brief synopsis of the experiments in Sec. II,
analysis methods are outlined in Sec. III. More than 300 y -ray
transitions are placed in an extended *°Cu level scheme com-
prising more than 100 excited states. Because of the inherent
complexity, the description of the experimental results is split
into four parts in Sec. IV, focusing on the irregular low-spin
part of the level scheme as well as the various, newly observed
collective structures. Accordingly, the interpretation in Sec. V
contains two main parts: cranked Nilsson-Strutinsky predic-
tions for comparisons with the collective band structures, as
well as shell-model calculations performed within two differ-
ent model spaces and thus several shell-model interactions.
For these, with both proton and neutron number exceeding
particle number 28, low-lying states in ®*Cu provide a relevant
test case for the transition from the pure NV =3 fp space

Published by the American Physical Society
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toward the f5,,pgo/» space and the quality and stability of the
respective predictions [19]. Given the increasing experimental
interest and access to low-lying states in nuclei with N < Z
in the region, whether by fusion-evaporation reactions [7]
or relativistic radioactive beams (see, e.g., Refs. [22-25]),
shell-model predictions for the weakly bound mirror nucleus
%Ga are included in Sec. V. The paper concludes with a brief
summary.

II. EXPERIMENTS

This work is based on y-ray spectroscopy data from three
experiments which used *°Ar + 28Si fusion-evaporation re-
actions and conceptually similar experimental setups. Details
of these experiments can be found in, e.g., Refs. [8,10,12—
15,26,27]. In brief, beams of OAr were provided by either
the 88” Cyclotron at Lawrence Berkeley National Laboratory
(LBNL) or the ATLAS accelerator at Argonne National Lab-
oratory (ANL). These impinged on targets consisting of thin
(0.20-0.42 mg/cm?) layers of isotopically enriched (>99%)
288i supported by Ta foils of 1-mg/cm? thickness, which faced
the beam. The midtarget beam energies were in the range of
130-135 MeV. The residual nucleus of interest, here ®Cu,
was obtained by evaporation of three protons and one neutron
from the **Ge compound nucleus. The yield of *°Cu corre-
sponds to about 10%—15% of the total fusion cross section and
this is the strongest channel associated with neutron evapo-
ration for the chosen beam energies. Following the particle
evaporation process, discrete states in °°Cu were observed
up to excitation energies E, <20 MeV and angular momenta
I Z 20% (see Sec. IV).

The target was surrounded by the Gammasphere ar-
ray comprising 77 or 86 modules of HPGe detectors with
bismuth-germanate (BGO) Compton suppressors [28]. Fifteen
or thirty liquid-scintillator neutron detectors [29,30] filled the
respective number of slots in the Gammasphere support frame
at the most forward angles with respect to the beam direction.
Evaporated light charged particles were detected at the target
position with the Microball, a 95-element CsI(TI) detector
[31]. For the two experiments at ANL, certain forward rings
of the Microball were replaced by Si strip detectors, to allow
for particle-y spectroscopy in the fashion of Ref. [13]. For the
same experiments, the BGO hevimet absorbers were removed,
to enable accurate measurements of y-ray multiplicity and
sum energy [32]. Two conditions were required for collect-
ing events in prompt-coincidence mode: Either four or more
HPGe detectors or three or more HPGe detectors, and at least
one neutron detector had to fire.

Calibration data for Gammasphere were taken with stan-
dard *°Co, '3Ba, and '"?Eu sources. A useful by-product of
each experiment was the population of *"Fe via evaporation
of two alpha particles and two protons; the properties of this
isomer are Ty, = 363(4) ns and [ = 10" [33]. Acting as
isomer catchers, the respective absorber foils of the CsI(Tl)
and Si detectors near the target collected significant amounts
of >*"Fe activity. The decay of this isomer via a cascade
of five E2 y rays was used to monitor potential HPGe sig-
nal drifts throughout each experiment and across the energy
range of interest (£, ~ 0.1-4.0 MeV). Energy calibrations of

the charged-particle detectors were based on '>2C(p, p’) and
97 Au(a, a') scattering data.

III. ANALYSIS METHODS

Pulse-shape-discrimination and time-of-flight methods
were employed to achieve clean proton-« and neutron-y
separation, respectively. Details of the procedures were de-
scribed in numerous publications (see, e.g., references at the
beginning of the previous section and related student theses
[26,27]). Here, the ancillary detection systems for evaporated
particles were used to select only those y rays detected in
Gammasphere which were in prompt coincidence with three
protons and one neutron, i.e., belonging to the 3pln reaction
channel ®*Cu. Requiring also correlations between the y-ray
sum energy, y-ray multiplicity, and sum energy of all evapo-
rated particles further suppresses entries from competing or
contaminating reaction channels [32]. Besides y rays from
the 3pln reaction channel of interest, there remained only
a marginal number of events from the 4pln channel *Ni,
i.e., when one proton escaped detection. If present in a y-ray
spectrum, contaminations from **Ni could be easily identified
by observing its 339-keV ground-state transition. This transi-
tion is coincident with almost all other y rays associated with
medium- to high-spin states in **Ni [11].

The energies and angles of emission for all evaporated
particles, as well as the particle types, were known for each
event. This allowed for determination of the recoil vector of
residual nuclei on an event-by-event basis and thus enabled an
event-by-event Doppler-shift correction for the y-ray energies
[31], which improved the y-ray energy resolution to about
7.5 keV full width at half maximum (FWHM) for E, = 1.4
MeV and recoil velocities of nearly 5% of the speed of
light. Some of the y rays from highly excited states might
be emitted while the recoil is still moving across the target.
Uncorrected, this “F(7) effect” led to a slight increase of
FWHM. On one hand, correcting for the slowing-down pro-
cess inside the target layer improves the FWHM value of these
fast decays. On the other hand, this correction worsens the
FWHM of the bulk of y-ray transitions arising from decays
occurring after the recoiling nuclei left the target. In fact,
analyzing y-ray spectra with and without the slowing-down
correction made possible the association of y rays with either
the low- or high-spin part of the decay scheme. For ®Cu,
this method was applied to states with E, 2 10 MeV (see
Secs. IVC and IV D).

The reaction-channel-selected y-ray events were sorted
offline into various projections of y-ray energy, E,, E,-E,
matrices (yy), an E,-E,-E, cube (yyy), as well as several
yy matrices preselected by y rays found to cleanly define
certain parts or structures of the complex level scheme of ®*Cu
(see Sec. IV). The y-ray analysis employed the RADWARE
software package [34] and the spectrum analysis code Tv
[35]. The experimental results are summarized in Table I.
The proposed high-spin decay scheme of ®°Cu turned out to
be very complex with more than 300 y-ray transitions con-
necting more than 100 excited states. Therefore, the detailed
presentation of the y-ray analysis and results is the subject of
dedicated Secs. IV A-IV D.
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TABLE L. The %°Cu energy levels, y-ray transition energies, relative intensities of the y rays placed in the level scheme, types of gating
transitions used in the directional-correlation analysis, DCO ratios, multipole assignments, multipole mixing ratios (in selected cases), and
assigned spins and parities of the initial and final states of the y rays.

Ex EV Iy,rel RDCO RDCO RDCO Mult. Iljr I}T
(keV) (keV) (%) Gate*  150°-97° 150°-127° 127°-97°  Ass't. S(E2/M1) ) ()
62.3(1) 62.4(2)  220(10) E2/M1 1t 2f
287.1(1) 224.9(1) 252(8) D 0.80(6) 0.92(8)  0.86(6) E2/M1° +0.16(¢3) 2% 1F
287.1(2) 846) D 0.94(12) Al = QP 25 2f

453.6(1) 166.7(2) 26(2) E2/M1 3fe 2f
391.2(2) 3(1) E2 3 1

453.6(1) 1100(32) D 0.63(3) 0.83(5) 0.78(4) E2/M1° +0.03(%) 3f 2F

557.4(1) 103.9(1)  789(32) E2/M1° 4fe 3F
270.3(1) 223(10) D 1.00(7) 1.00(8)  0.94(7) E2 4 2+

557.3(1) 1102(35) D 1.00(6) 1.00(6)  1.02(6) E2° 4 2F

780.9(1) 223.6(3) 12(3) E2/M1 3fe 4t
327.3(2) 18(2) B 0.98(14) Al =0 35 37

781.0(2) 51(4) B 0.38(5) 0.42(7)  0.61(6) E2/M1° -12<6<-04 37 2F

1421.0(1) 863.4(3) 29(4) Al =0 414 4f
967.4(2) 44(4) E2/M1 4f 3F

1134.2(3) 51(5) E2 45 2F

1421.0(4) 36(5) E2 4+ 2F

1505.4(2) 724.4(3) 13(2) E2/M1 4% 37
1051.8(4) 38(3) E 0.37(8) 0.61(12) 0.74(11) E2/M1 —-18<86<-03 45 37

1505.6(4) 534) E 1L11(16)  0.96(14) 1.00(13) E2 4t 2+

1603.6(1) 822.8(2) 67(4) E2 5r¢ 37
1046.1(2) 804(28) A 0.34(2) 0.55(3) 0.63(3) E2/M1° —0.8¢3) 57 4f

1150.1(4) 22(5) E2 5¢ 3F

1778.8(1) 357.9(2) 25(3) E2/M1 53¢ 45
1221.1(3) 81(3) A 0.75(12) 0.85(16) 0.77(12)  E2/M1° +0.11(1}) 55 4f

1325.4(3) 125(5)  F 1.02(17)  1.0021)  1.02(28) E2b 55 3F

1862.9(2) 357.7(3) 11(2) (Al =0) (45 a5
1305.4(6) 7(2) (AI =0) ) 45

1409.4(5) 18(3) (E2/M1) @) 3F

2026.6(1) 247.6(3) 6(1) Al =0 55¢ 51
423.0(4) 2(1) Al =0 55 57

605.4(4) 23(2) E2/M1 57 4t

1469.3(3) 205(8) A 0.51(7) 0.70(13)  0.74(9) E2/M1° —0.14(19 55 af

1572.9(4) 22(3) E2° 5t 3F

2197.0(1) 593.6(3) 29(3) E2/M1 6/¢ 5F
1639.7(3) 916(46) A 1.03(6) 0.96(6) 1.03(5) E2° 6F 4t

2287.6(2) 866.2(6) 9(3) E2/M1 55 4
1730.6(5) 494) A 0.80(26) 0.84(16) 0.67(13)  E2/M1 ~+0.1 55 4f

2351.0(2) 488.2(3) 26(3) (E2/M1) 5¢ 4r
1793.8(4) 77(4) A 0.33(8) 0.70(14) 0.69(11) E2/M1 —24<6<-02 5% 4f

2691.7(2) 665.1(6) 6(2) E2/M1 67¢ 57
1088.1(2) 148(4) AG  0.23(3) 0.44(7)  0.51(4) E2/M1° —-0.9(2) 65 57

1186.2(3) 98(4) G 1.26(16) 0.96(12) 0.99(13) E2 65 4

1270.6(3) 553) G 1.07(19) 1.0419) 0.95(16) E2 65 45

2817.0(1) 466.0(3) 8(2) E2/M1 61¢ 5¢
529.2(4) 42) E2/M1 67 55

619.8(3) 10(2) Al =0 67 6/

790.3(2) 147(7) AH  0.77(7) 0.95(10) 0.89(7) E2/M1° +0.14¢5) 67 5%

b 0.84(9) 0.90(11) 0.88(9)

1038.4(3) 34(3) C >1 E2/M1 67 51

1213.4(3) 21(3) E2/M1 67 57

1396.2(4) 22(3) E2 67 4t

024307-3
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TABLE 1. (Continued.)

Ex Ey Iy,m] RDCO RDCO RDCO Mult. Ilﬂ I;CT
(keV) (keV) (%) Gate®  150°-97° 150°-127° 127°-97° Ass’t. 8(E2/M1) (h) (h)
2939.1(2) 588.0(4) 6(2) (E2/M1) (65)° 55
1160.4(5) 16(5) (E2/M1) 65 5%
1335.3(3) 11(2) (E2/M1) (65) 5t
1517.9(5) 26(4) (E2) 65) 4%
2381.8(7) 13(3) (E2) 65 4f
3064.8(2) 777.4(5) 6(2) Al =0 574 55
867.8(3) 102) El 57 67
2506.6(6) 41(3) A 0.62(22) 0.66(21) 0.57(14) El 0.03) 57 4f
3155.7(2) 868.3(4) 35(4) El 67 55
1128.7(4) 40(3) El 67 5t
1377.2(4) 34(3) El 6, 51
1552.03)  408(19) ] 0.57(5)  0.74(6)  0.71(5) E1° —0.04(%) 67 5t
3190.9(2) 499.1(3) 20(3) E2/M1 Tre 61
993.8(3) 53(4) D 0.33(7) 0.38(19) 0.59(8) E2/M1 —0.9¢}) 7 6
1412.4(5) 63(4) C 1.11(17)  1.10(16) 0.98(12) E2 7F 55
1587.2(3) 272(7) B 1.08(28) 1.00(23) 0.90(19) E2° 7r 57
3210.6(3) 859.9(4) 32(3) (E2/M1) (67 55
3318.3(2) 253.4(2) 13(1) A 0.50(24) E2/M1 6,9 57
1121.3(3) 34(3) Al =0 6, 65
3354.3(2) 1157.3(2) 674(27) D,L 0.52(3) 0.70(4)  0.73(4) M2/E1° —0.11¢) 70¢ 6
3371.8(2)  1174.6(4) 28(3) E2/M1 74d 6F
1593.4(4) 58(4) C 1.06(13) 1.10(13) 1.27(13) E2 75 51
1768.1(4) 33(3) E2 75 57
3745.0(2) 805.7(4) 14(2) (E2/M1) 74 (67)
927.9(2) 103(5) a 1.21(12) 0.97(10) 1.01(10) E2/M1 +0.22(3) 75 61
1394.5(6) 11(2) E2 75 5;’
1548.0(5) 37(4) D 0.42(13) 0.78(18) 0.63(13)  E2/M1  —0.40 <§ < —0.03 7 6F
1718.4(6) 33(3) E2 75 5%
3771.9Q2) 417.4(2) 1094) K 1.1709)  1.12(9) 1.01(8) Al =0 18] > 1 75 h
616.4(2) 108(4) K  0515) 0.757) 0.70(6) E2/M1 —0.09() 7 67
1080.0(4) 33(3) E.K 0.48(11) 0.61(12) 0.61(11) M2/E1 —0.16(3) 75 61
1574.9(4) 11(3) E1l 75 6
3846.6(2) 636.1(5) 6(2) (E2/M1) 75d (69)
1495.9(5) 26(3) E2 T 5¢
1650.0(6) 40(6) E2/M1 T 6
1820.1(6) 8(3) E2 T 5t
4004.0(2)% 847.9(4) 9(2) Al =0 65¢ 6,
939.4(4) 4(1) E2/M1 65 57
1064.6(4) 9(2) (AI = 0) 6; (65)
1186.5(4) 7(2) Al =0 65 61
1653.4(5) 7(2) El 6; 5t
1977.2(4) 21(2) El 65 5%
2224.8(8) 5(2) El 6; 5t
4074.2(2) 703.2(3) 25(3) F 0.43(11) 0.77(19) 0.79(15) E2/M1 ~—0.3 8F 73
1382.3(3) 141(6) E 0.97(13) 1.06(13) 1.24(15) E2 8; 6;
4290220 215.7(4) 4(1) El 7 8t
286.3(2) 64(5) d 1.01(8) 1.11(10) 1.06(8) E2/M1 +0.27¢}) T3 65
518.0(4) 113) Al =0 7 7
544.7(5) 4(1) AT =0 7 7+
936.2(5) 8(2) Al =0 7 7
971.8(5) 13(2)  egh 0.91(44) E2/M1 7 6;
1079.4(6) 4(1) (E1) N (65
1134.3(3) 86(4) d 1.16(11)  0.94(10) 0.96(8) E2/M1 +0.26(10) 7 67
1225.1(4) 193) E2 Ty 57
1350.9(4) 12(2) (E1) 75 (6))
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TABLE 1. (Continued.)

E, E, L, o1 Rpbco Rpco Rpco Mult. Ir I7
(keV) (keV) (%) Gate*  150°-97° 150°-127° 127°-97° Ass’t. S(E2/M1) (h) (h)
1473.7(5) 283) El 75 6+
1598.4(5) 33(3) e,g.h 0.78(14) 0.87(12) 0.96(13) E1 0.08(]91) N 6;’
2093.4(6) 72) El 75 6+
4417.8(2y 413.6(3) 12(2) e,g,h 0.88(17) 1.00(21) 0.95(18) E2/M1 0.13(i§) N 65
1099.6(5) 12(2) E2/M1 N 6,
1352.7(6) 6(2) E2 i 5
4520.8(2) 748.8(2) 27(3) M 0.93(17) 1.23(24) 1.15(16) E2/M1 +0.3(2) 8 ¢ 75
1166.6(3) 114(5) DM 0.48(5) 0.62(6)  0.68(6) E2/M1° —0.17(171) 8 T
1330.003) 786) EM  0.646) 0.66(7) 0.71(7) EIb ~0.01(10) 8 7+
1365.1(3) 176(6) M 1.04(8) 0.99(7) 1.14(8) E2b 8 6,
4580.3(2) 506.3(4) 10(2) G 0.76(20) Al =0 8; ST
835.4(3) 523) E2/M1 8+ 7+
1389.2(5) 18(4) E2/M1 82+ 7T
1763.44)  1046) A 1.16(23) 1.1524) 1.1925) E2 gt 6
473973)  892.93) 17(2) E2/M1 G 7+
1529.4(5) 15(3) (E2) (8;) (6;r
1800.7(5) 15(3) (E2) (8;’) (62’)
48154(2)  294.7(2) 3(2) Al =0 8 8
397.4(2) 8(2) E2/M1 8 7
525.0(2) 61(3) f 1.0009) 0.94(11) 1.14(13) E2/M1 8 75
811.4(3) 502) E2 8 6,
969.8(4) 142) El 8 7+
1461.9(3) 76(4) D 0.38(5) 0.65(9)  0.56(6) E2/M1 —0.28({(7)) 8 N
1497.6(6) 15(2) E2 8 6,
1624.9(4) 35(4) F 0.74(15) E1l 8 7T
1659.6(5) 5(1) E2 8 6
4842.8(2)  425.1(3) 353) e 1.04(15) 095(14) 120(14)  E2/M1 40.23(10) 8 i
552.5(2) 244(11) e 1.04(8) 1.05(9) 1.02(7) E2/M1 +0.24(§) 8 75
838.7(5) 14(3) E2 8 65
996.0(5) 5(2) El 8 7+
1071.2(3) 16(3) E2/M1 8 75
1097.6(5) 92) El 8 7+
14884(3)  118(7) D  0284) 047(7) 0576)  E2/M1 ~1.0¢%) 8 7
1523.8(7) 152) egh I E2 8 6,
1652.0(6) 20(2) E1l 8 7?’
4996.4(2) 922 .4(4)f 17(2) E1l 97 ST
1223.8(5) 122) E2 9 75
1642.8(6) 109(9) D 0.97(6) 0.98(6)  0.96(6) E2 97 N
5025.2(4)! 2208.1(8) 11(2) (E2) (8;{ © 6;
5187.8(2) 667.0(3) 17(2) N «1 E2/M1 9;°¢ 8
1113.6(3)" 10(2) El 9; gt
141593)  181(6) ¢  1.54(13) 134(13) 133(14)  E2° 9, 75
1833.4(4) 1314) N 1.00(11)  0.92(9) 1.10(10) E2b 9 N
52463(2)  666.1(3) 3120 H  0.71(19) E2/M1 o gt
1172.5(5) 163) G 056(12) E2/M1 o+ g+
1399.6(5) 18(2) E2 91+ 7?{
1501.2(5) 333)  ab  134(23) L12(17) 1.16(17) E2 9 7+
1874.6(6)  26(3) E2 o 7+
2054.6(6) 62(4) F 0.99(14) 1.02(14) 1.03(13) E2 91+ 7T
5349.0(4) 3151.6(13) 15(3) (E2) (8;’ © 6?’
5433.7(2) 590.8(2) 343(12) L 0.78(10) 0.90(12) 0.85(9) E2/M1 +0.20(4) 95 8
d,g 1.03(5) 1.00(7) 1.00(6)
6183(2)  162(7) ¢  1.098) 1039 1.01(7)  E2/MI1 40.27(6) 9; 85
1016.0(4) 11(2) E2 9; 7,
1143.4(3) 86(4) E2 9; 75
1359.3(5) 10(2) E1l 95 ST
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TABLE 1. (Continued.)

Ex Ey Iy,m] RDCO RDCO RDCO Mult. Ilﬂ I;CT
(keV) (keV) (%) Gate®  150°-97° 150°-127° 127°-97° Ass’t. 8(E2/M1) (h) (h)
5466.6(3) 726.8(5) 2(1) (E2/M1) (95)ek €
886.3(3) 20(3) (E2/M1) 9 8
1620.0(6) 21(3) (E2) 9) T
1721.7(5) 16(2) (E2) 99) 7+
2095.0(8) 15(2) (E2) 9 75
5648.5(2) 460.7(2) 118(5) KL 071(5) 0826) 0797  E2/M1° +0.10¢) 10;¢ 9;
652.0(5) 15(3) D,Q 0.57(7) 0.66(9) 0.73(7) E2/M1 —0.06(%) 107 97
1127.9(3) 298(11) J 0.99(8) 0.98(7)  0.95(7) E2° 107 8
5862.4(2)"  513.4(4) 5(1) o 0.69(18) (E2/M1) 9Fd (89)
616.0(4) 113) AT =0 9F 9F
837.3(5) 13(2) (o} 0.59(15) 0.97(33) 0.89(18) (E2/M1) 20 97 €9)
1282.2(3) 11(2) E2/M1 9F 8+
1341.7(3) 43(3) (6] 0.53(9) 0.72(13)  0.62(9) E1l —0.06(19) 97 8
2490.9(8) 5(1) E2 97 7x
2671.8(9) 122) FOP 1.11(33) E2 9F T
6008.7(4)" 983.4(5) 8(2) (E2/M1) 9rd €9)
2818.1(9) 112) EG/P 1.01(35) E2 9 7
6076.4(2) 642.8(2)  425(13) Q 0.73(5)  0.92(7)  0.86(6) E2/M1 +0.21(4) 10; 9;
e,h 1.06(5) 1.00(5) 1.01(5)
888.4(3) 7(2) E2/M1 105 9;
1080.0(5) 4(1) E2/M1 10; 97
1233.4(3) 70(4) Q 1.22(41) 1.11(27) 1.04(32) E2 105 8
d,h 1.68(19) 1.20(14) 1.23(12)
1260.8(4) 36(3) d 1.62(32) 1.16(21) 1.61(26) E2 10; 85
6094.1(2) 445.6(2) 82(3) M 0.52(5) 0.82(9)  0.69(5) E2/M1° —0.06(3) 117° 107
906.3(2) 150(10) L 1.02(13) 1.03(12) 1.10(12) E2° 11y 9
1097.7(6) 14(3) E2 117 9
6279.6(3) 1033.4(4) 11(2) E1l 105 97
1283.3(6) 22(3) D,Q 0.31(7) 0.70(12) 0.50(8) E2/M1 —-0.4(3) 105 97
1758.6(6) 13(2) E2 105 87
6391.6(3) 925.0(4) 17(3) E2/M1 10/¢ 97
1145.2(4) 16(3) E2/M1 10f 97
1811.6(6) 21(3) H 0.94(25) 0.97(31) 0.86(25) E2 107 8F
2317.6(11) 8(3) E2 101 8
6442.0(4) 1195.8(4) 14(2) E2/M1 102rd 97
1861.9(6) 12(2) E2 105 8+
6634.0(7) 1894.3(6) 11(3) (E2) (107)° 8+
6851.8(2) 775.42)  374(14) R 0.76(8)  0.84(9)  0.72(6) E2/M1 +0.18(7) 11; 10;
g 0.97(6)  1.05(7)  0.97(6)
1418.1(3) 103(6) R 1L.11(19)  1.14(19) 1.16(22) E2 11; 9;
e 1.38(17) 1.18(14) 1.32(13)
6866.6(4) 1870.3(6) 24(2) D,Q  0.42(13) E2/M1 10, 97
7137.0(5) 1890.6(6) 63(5) a,b 1.67(50) 1.21(47) 1.73(56) E2¢ 11749 97
7240.4(10)  2244.0(10) 152) 97
7394.4(2)° 527.1(6) 2(1) El 115¢ 10;
1114.9(3) 26(3) P 0.59(11) 0.62(12) 0.92(14) El +0.01(12) 115 105
1385.6(4) 48(4) P 1.07(13)  0.95(12) 1.09(16) E2 113 9:
1531.9(4) 113(6) P 1.00(8)  0.97(8)  0.98(8) E2 117 9F
1745.8(3) 222(7) M}P  0.554) 0.68(5) 0.74(5) E1° —0.05¢) 113 107
7457.0(4)P  1065.4(5) 6(2) (AI=1) (11F)e 107
2211.3(14) 5(2) (E2) (119) 9F
7563.2(4) 696.6(3) 5(1) (E2/M1) 113)e 10,
1469.2(6) 15(2) (Al =0) (113) 117
7721.8(3) 869.9(2) 225(8) L,S 0.67(6) 0.83(7)  0.81(7) E2/M1 +0.15(7) 127 115
h 1.05(7) 0.92(6)  1.00(6)
1645.3(7) 97(7) g 1.38(35) 1.16(27) 1.21(2) E2 127 105
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TABLE 1. (Continued.)

E, E, L, o1 Rpbco Rpco Rpco Mult. Ir Iy
(keV) (keV) (%) Gate*  150°-97° 150°-127° 127°-97° Ass’t. S(E2/M1) (h) (h)
8006.8(22)  3010.4(22) 5(2) 97
8016.0(6) 2366.7(8) 20(3) (E2/M1)¥ (113) 107
8132.6(2)  410.6(4) 21) El 137 12,
738.2(2) 455(18) M,0 1.06(7) 1.07(6) 1.05(6) E2° 13;r 11;r
995.6(5) 72) E2 13/ R
2038.2(7) 312) N L180) 1.24(19) 124Q21)  E3/M2" 01<68<18 13+ 1y
2484.6(7) 10(2) E3 13;r 107
83322(5)  769.0(4) 21) (E2/M1) a2r (1)
1465.7(6) 8(3) (E2) 12) 10,
8439.8(7) 2345.9(7) 18(3) K,N 1.27(35) 1.47(47) 1.33(31) (E2/M1) 04 <6<2.6) (1237)i 117
8485.7(4) 2391.8(7) 16(3) (AI=0,1) (112’, 12) 117
8581.4(9)  2932.9(9) 10(2) 1y
8592.2(6) 575.6(5) 3(1) (E2/M1) az; )k 11;)
1726.5(6) 52) (E2) (12;) 10}
86253(3)  903.52)  145(5 egh 1.036) 090(6) 0975  E2/M1 +0.16(6) 13, 12,
1773.6(4) 91(5) L 1.19(30) 1.10(23) 0.93(26) E2 137 115
h 1.42(15) 1.22(13) 1.48(13)
86457(7)  630.3(7) 41 (E2/M1) a2 A1)
1778.1(9) 3(1) (E2) (125) 10,
2997.4(18) 8(2) (E2) (125) 107
89204(3)  434.8(4) 402) (A1 =0,1) 127 (11, 12)
787.8(3) 34(3) P 0.63(9) 0.80(12) 0.68(7) E2/M1 +0.05(5) 12:r 13T
] 0.95(11) 0.96(12) 1.03(10)
1463.4(5) 38G5)  j 09717) 1.0024) 142(43) (Al=1) +0.05(}) 12 1)
1526.2(6) 17(3) E2/M1 12:r ll;r
2479.1(9) 6(2) ] 1.77(61) E2 12'1" 10;
2528.6(9) 520  j  1.28(50) E2 127 107
9094.4(4)4 961.7(5) 9(2) E2/M1 12;rd 13T
195736) 1103 E2/M1 12} 17
2652.6(11) 3(2) E2 125 105
9325.909) 886.4(8) 3(1) (E2/M1) (1327)k (123)
3230.9(14) 9(2) KN 1.35(58) (E2) (133) 11y
93044(11) 33004(13)  143) KN  1.26(46) (Al =1,2)" 12.135) 11,
9447.3(12)  3353.0(15) 7(2) (AT =1,2) (12,13;) 11y
9459.6(3) 834.4(2) 101(6) R 0.70(10) 0.78(12) 0.70(9) E2/M1 +0.16(4) 147 137
e,g,h 0.95(7) 0.98(8) 1.02(6)
1737.8(4) 645 egh 14512) 1.14(13) 1.46(12) E2 147 127
9527.9(3) 433.4(3) 31(2) k 1.10(12) 0.93(13) 0.90(9) E2/M1 +0.10(;’) 133’ 12;
607.6(2) 104(4) PT 0.69(6) 0.83(8)  0.70(6) E2/M1 +0.07(3) 13;r 12?r
k 0.94(7) 0.93(8) 0.98(6)
1042.2(6) 5(2) (Al =1,2) 135 (115,12
9838.8(4) 1506.5(8) 3(2) (E1) 133+d (123)
1706.16) 1103 AT =0 13¢ 137
2444.8(8) 202) E2 13+ 1+
10182.5(3)  654.8(4) 693) T  05210) 0.60(13) 0.67(14) E2/M1 +0.09(7) 14+ 13+
i L10313)  121(13) 1.03(13)
1088.0(5) 13(4) E2 14'1" 12;'
1262.4(5) 8(2) E2 14} 127
2049.6(5) 122(5) PT 1.31(8) 1.28(8) 1.06(7) E2/M1 +1 .07(;4{ 14;r IST
kK 20128) 141(18) 1.24(16)
10293.5(11)  967.6(6) A1) (E2/M1)* 14;)  (13)
10335.0(4) 807.0(5) 10(3) E2/M1 14;r 13;r
2202.1(6) 694) P 1.63(32) 13421) 1.0526) E2/M1 ~ 1 145 13+
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TABLE 1. (Continued.)

E; E, L vl Rpco Rpco Rpco Mult. I I*

(keV) (keV) (%) Gate*  150°-97° 150°-127° 127°-97°  Ass’t. S(E2/M1) ) (sz)
k  2.0843) 1.32(28) 1.19(21)
10602.7(4)  1143.5(4) 744) S 0.73(10) 1.07(16) 091(11)  E2/M1 +0.20(6) 157 147
de  1.07(11) 0.99(13) 0.98(12)
1976.6(6) 253) R 125(37) 0.85(26) 1.01(23) E2 15; 137
10863.9(8)  2238.8(9) 52) egh 1.0722) 0.8820) 0.99(18) E2/M1 145 137
3141.8(13) 42) E2 147 12,
11042.94)  707.7(4) 212) k  09920) 1.1029) 097(17)  E2/M1 +0.08(12 15} 145
860.6(4) 944) PT  0.65(7) 0.787) 0.73(6) E2/M1 +0.11(6) 15} 14}
k 1.01(13)  1.00(19) 1.12(13)
1515.0(7) 405)  jki 1.62(15) 1.24(12) 1.42(13) E2 15} 13}
11087.9(16)  4992.8(24) 3(1) (E2)¢ (137) 1
11371.8(12)  1924.5(10) 2(1) (E2) (14,155) (12,13;)
1977.4(8) 4(1) (E2) (14,15;) (12,135)
11379.8(7)  1541.4(8) 27(4) E2 154 13}
3247.4(12) 495) PV 1.08(22) E2 15+ 137
11465.07)  1626.2(8) 42) E2 1554 13}
3331.1(14) 142) P 1.04(28) E2 15+ 137
11693.0(4)  650.1(3) 925 T 0629 0.79(14) 0.83(14) E2/M1 +0.08(%,) 16} 15}
1358.1(6) 16(4) E2 16} 147
1510.3(5) 69(4)  jki 1.62(15) 1.24(12) 1.42(13) E2 16} 147
11726.0(16)  3593.4(16) 112 P 1.04(41) (E2) (157) 13}
11761.4(15)  673.5(6) 2(1) (E2/M1)* (14;) (135)
12333.7(10)  2151.2(9) 112 P 09833) (E2) (165) 147
12430.2(6)  1827.6(6) 12(2)  egh 11021) 0.94(16) 0.97(15) E2/M1 +0.19(10) 16, 157
2970.4(9) 42) egh 1.52(67) 1.03(39) 1.24(28) E2 16, 14,
12479.2(14)  1391.0(14) 2(1) (E2) (155) (135)
3854.4(16) A1) (E2) (155) (137)
12560.5(5)  867.6(3) 12007) T  0414)  0.798) 0.67(6) E2/M1 —0.09(%) 17} 167
1517.6(7) 38(4) ki 1.62(15) 1.24(12) 1.42(13) E2 17} 15}
12617.4(26)  4484.8(26) 2(1) (E2) (159) 137
13183.7(23)° 4558.4(23) 3(1) (E2) (15,) 13,
13239.3(15)  760.0(7) 2(1) (E2/M 1)k (165) (155)
1477.9(8) 3(1) (E2) (16,) (14;)
13298.4(8)  1832.8(9) 6(2) E2 174 15¢
1919.1(7) 414) PU  0.93(18) E2 175 155
13727.06)  1166.6(5) 795) T  057(6) 0.86(10) 0.73(9) E2/M1 +0.02(6) 18} 17}
k  0808) 0.80(9) 0.98(9)
2033.8(8) 153 T 1.05(27)  1.04(29) 1.03(25) E2 18} 16}
k 1.59(29) 1.42(26) 1.35(27)
13896.4(20) 2524.6(16) 3(1) (E2) (16,177) (14,155)
14084.7(17)  1605.5(9) 6(1) (E2)k (175) (157)
14689.8(25)  1506.1(8) 72) (E2)* (173) (15;)
14770.7(19)  4168.0(18) 3(1) (E2) (17;) 15,
14980.1(22)  4377.4(22) 3(1) (E2)¢ (175) 15,
14986.0(20)  1746.7(13) 52) (E2) (18)) (16;)
15492.8(13)  2194.3(10) 233) PUV  1.16(28) (E2) (197) 175
15634.7(8)  1907.9(8) 9(2) (E2/M1)* (195) 18/
3073.9(11) 52) (E2) (195) 17}
16000.1(19)  1915.4(10) 6(1) (E2)k (19,) (17,)
16522.6(27) 1832.8(11) 6(2) (E2)¢ (19;) (173)
17074.9(22) 2088.9(9) A1) (E2) (207) (18,)
18190.7(18) 2697.9(12) 5(1) (E2) Q1) (19)
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TABLE 1. (Continued.)

E E, L, o1 Rpco Rpco Rpco Mult. IT [;}
(keV) (keV) (%) Gate*  150°-97° 150°-127° 127°-97° Ass’t. S(E2/M1) (h) (h)
18263.3(23) 2263.2(13) 4(1) (E2)X 217)) 19D)
18712.2(32) 2189.6(17) 2(1) (E2)X (213) (197)
19514.8(27) 2439.9(16) 2(1) (E2)¥ (22)) (207)

Gating E2 and dipole transitions are marked with capital and lower-case letters, respectively. A: 557 keV (4] — 2); B: 823 keV (5§ — 37);
C: 1325 keV (55 — 37); D: 1640 keV (6] — 47); E: 1186 keV (65 — 47); F: 1587,1593 keV (7], — Stz); G: 1382 keV (8f — 67)
and 1386 keV (113 — 91); H: 1763 keV (85 — 67); J: 1365 keV (87 — 67); K: 1833 keV (9; — 7;); L: 1416 keV (9, — 7;) and
1418 keV (11; — 95); M: 1128 keV (10; — 87); N: 906 keV (11; — 95); O: 1532 keV (115 — 97); P: 738 keV (13] — 117); Q: 1643
keV (97 — 77) and 1645 keV (12] — 107); R: 1774 keV (137 — 115); S: 1738 keV (147 — 127); T: 1510-, 1515-, and 1518-keV E2
transitions in structure D3; U: 3247 keV (155 — 137); V: 1919 keV (17 — 157); a: 790 keV (65 — 57); b: 928 keV (7] — 67); c: 461
keV (10 — 97);d: 553 keV (85 — 75);e: 591 keV (95 — 85);f: 618keV (95 — 83); g: 643 keV (10, — 95); h: 775keV (11; — 103);

j: 608 keV (135 — 121); k: 650 keV (16 — 157) and 655 keV (147 — 131).

"Multipolarity assignment also based on previous work [20,21].
“Spin-parity assignment also based on previous work [20,21].

dSpin-parity or multipole assignment also based on DCO ratios of feeding transitions or a sequence of stretched quadrupole transitions between

states with otherwise established spin-parity assignment.

®Tentative spin-parity assignment based on yrast arguments and y-ray connections into and out of the level.

"Transition not shown in Fig. 2.

£Transitions carrying 33(9) intensity units out of the level remained unobserved.
"Transitions carrying 98(16) intensity units out of the level remained unobserved.

Doublet structure.

iTransitions carrying 24(6) intensity units out of the level remained unobserved.

Tentative assignment based on yrast arguments and collective structure.

ITransitions carrying 10(3) intensity units out of the level remained unobserved.
MTransitions carrying 11(8) intensity units out of the level remained unobserved.
"Transitions carrying 29(6) intensity units out of the level remained unobserved.
°Transitions carrying 81(21) intensity units out of the level remained unobserved.
PTransitions carrying 27(5) intensity units out of the level remained unobserved.
9Transitions carrying 16(6) intensity units out of the level remained unobserved.
"Transitions carrying 4(2) intensity units out of the level remained unobserved.

The spins and parities of the majority of observed states
could be determined from y-ray yields measured by the Ge
detectors placed at different angles with respect to the beam
axis. This method uses the fact that nuclei being produced in
fusion-evaporation reactions have their spin vectors aligned
approximately in a plane perpendicular to the beam axis.
Furthermore, the angular distribution of y rays is symmetric
with respect to the beam axis. This allowed for an analysis of
directional correlations from oriented states (so-called DCO
ratios). Balancing y-ray yield with angular precision, the Ge
detectors of Gammasphere were grouped into three “pseudo”
rings called “150°”, “127°”, and “97°”, which correspond
to an average angle for the respective sets of detectors (see,
e.g., Ref. [3] and references therein). Three combinations of
the angles were created and sorted into matrices, namely,
(150°-97°), (150°-127°), and (127°-97°). For instance, the
DCO ratio of (150°-97°) was defined as

I(y; at 150°; gated with y, at 97°)

Rpco(150°-97°) = .
peof ) I(y1 at 97°; gated with y at 150°)

For this case, y-ray intensities were derived from a 3pln-
selected yy matrix, with the y rays detected at 150° sorted
on one axis and 97° on the other axis. The DCO ratios for the
angle combinations (150°-127°) and (127°-97°) were defined
and processed accordingly. The intensities of the y rays were

corrected for the efficiency of a given pseudo ring. The Rpco
values for all three combinations of angles are listed in Table 1.

The Rpco values were obtained by analyzing spectra in
coincidence with known stretched E2 and Al = 1 transitions.
Depending on the character of the coincident transitions, dif-
ferent values of Rpco will be obtained. In case the gating
transition has a stretched E2 character:

Rpco(150°-97°) ~ 1.0 for stretched E2 transitions;
Rpco(150°-97°) ~ 0.9 for AI = 0 transitions;
Rpco(150°-97°) = 0.6 for stretched AI = 1 transitions.

In case the gating transition has a stretched and pure Al =1
character:

Rpco(150°-97°) ~ 1.6 for E?2 transitions;
Rpco(150°-97°) ~ 1.5 for AI = 0 transitions;
Rpco(150°-97°) =~ 1.0 for stretched AI = 1 transitions.

Deviations from the latter values are usually caused by
quadrupole admixtures into dipole transitions, i.e., nonzero
8(T2/T’'1) mixing ratios with T, T = E, M or M, E, respec-
tively (see below). Furthermore, loss of spin alignment could
occur because of intermediate y-ray emissions between the
gating and evaluated transitions, or due to unusually long
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lifetimes (r 2 1 ns) of states involved in the y-ray cascade
of interest.

For a given y -ray transition, the derivation of mixing ratios
relied on the three different angle combinations, i.e., three
available Rpco values. For some prominent cases, gating with
E?2 and stretched Al =1 transitions was possible, i.e., the
mixing ratio could be determined as the weighted mean of
2 x 3 = 6 data points. Furthermore, the phase convention ap-
plied in the Evaluated Nuclear Structure Data Files (ENSDF)
was used. The spin alignment coefficients, «, were estimated
through the relation [3] « = 0.55 + 0.02E, (MeV). An uncer-
tainty of Aa = +0.05 was set.

Figure 1 exemplifies the method for four cases of mixed
Al =1 transitions. For all of them, the gating transition is
of stretched E2 character. Therefore, the theoretical curves
for a given combination of detector angles are very similar,
not least because the spin alignments are also comparable in
size. The three panels of Fig. 1(a) focus on the parity-changing
1157-keV transition [21]. The set of three experimental DCO
ratios provides consistent regimes for crossing the calculated
curves as a function of mixing ratio §, indicated by the gray-
shaded areas projected onto the x axes. Here, the weighted
mean is §(M2/E1) = —0.11(;). Interestingly, this value im-
plies a small but nonzero M2 admixture. The second example
presents the overall rather low DCO values of the 1488-keV
8 — 7 transition, which is one out of many links between
the dipole structure D2 (cf. Sec. IV B) and the more irreg-
ular low-spin shell-model part (cf. Sec. IV A) of the 0Cy
level scheme. For this transition, all DCO ratios (cf. Table I)
are consistent with a rather distinct negative mixing ratio,
8(E2/M1) = —1.0(2). The example of Fig. 1(c) dwells on
the rather intense 870-keV dipole transition, which is one
of many such transitions defining structure D2. In this case,
the DCO ratios shown in the figure, as well as additional
ones based on gating on dipole transitions within D2 yield
8(E2/M1) = 40.15(7). Notably, all main dipole transitions
of structure D2 exhibit similarly small but nonzero positive
mixing ratios (cf. Table I and Sec. IV B). Finally, the plots in
Fig. 1(d) provide the analysis of the 2050-keV, 14] — 137
transition, which connects dipole structure D3 (cf. Sec. IV C)
with the established 13;r yrast state at 8133 keV [21]. In
this case, all experimental DCO ratios are unusually large,
which, when combined, leads to a large positive mixing ratio
of 8(E2/M1) = +1.07(}).

For states populated or depopulated by relatively weak
y-ray transitions without reliable angular-correlation informa-
tion, spins, and parities are suggested based on either yrast
arguments, i.e., that states closer to the yrast line are typically
more strongly populated by means of fusion-evaporation re-
actions, the fact that they can be considered part of a regular
dipole or quadrupole structure, or a combination of both.
These are marked accordingly in Table I, as are spins and
parities established in earlier work [20,21].

IV. RESULTS

From an analysis of y rays identified in spectra with a
given selection of evaporated particles and feeding the ground
states of the more than 20 residual nuclei observed in the
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FIG. 1. Examples of the analysis of mixing ratios. The horizontal
lines together with the uncertainty band marked in gray correspond
to the experimental DCO values for the respective set of angle com-
binations (see Table I). The curves correspond to the calculated DCO
ratios for different mixing ratios, §(E2/M1), for a given alignment.
The intersections of the experimental lines and theoretical curves
provide the possible mixing ratios for a given transition. For each
of the four transitions in panels (a)—(d), y -ray energies, placement in
the level scheme, and alignment are given. See text for details.

OAr + 28Si reaction, a relative residue yield o, &~ 12% is
estimated for the 3pln channel ®Cu. The value is about a
third of that for the strongest reaction channel, **Ni + «2p
[10], and is comparable to those of the olcy 4+ 3p [14] and
Ni + 4p [12] channels. Thus, *°Cu is the most strongly
populated reaction channel involving neutron evaporation,
and the combination of data from three nearly identical Gam-
masphere experiments provides a dataset of high statistical
significance. For instance, the 3pln-selected yy matrix (cf.
Sec. III) comprises more than 75 million coincidence entries,
of which >90% can be associated with ®*Cu. In Table I, y-ray
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FIG. 2. Low- to medium-spin part of the level scheme of ®*Cu from the present study. Energy labels are in keV. The widths of the arrows
correspond to the relative intensities of the y rays. The labels “ND1” and “ND2” indicate regions of positive- and negative-parity yrast states,
respectively (cf. Fig. 16). The 8133-keV 137 yrast level is part of structure “ND3” and is shown with a thicker line to guide the eye (cf. Figs. 6
and 8). The label “D1” (gray, o) indicates a tentative dipole structure in the center of the figure. For the sake of clarity, four E1 transitions and
one E2/M1 transition are not included in this figure: E, = 922 keV 97 — 8 (E, = 4996 keV), E, = 1114 keV 9; — 8] (E, = 5188 keV),

= 1033 keV 10; — 9] (E, = 6280keV), E, = 411keV 137 — 12] (E, = 8133 keV),and E, = 1160keV (6] ) — 55 (E, = 2939 keV).

See also Table 1.

yields are normalized to the 454-keV, 37 — 2| ground-state
transition, which is set to 1100 intensity units. In the course of
the yyy analysis, transitions were unambiguously identified
and placed in the decay scheme down to a few parts in a
thousand in y-ray yield. With a proper preselection of one
or more than one y ray identifying a given structure, this part
of the decay scheme can be studied in greater detail with a
correspondingly defined y y coincidence matrix.

It has been possible to construct and propose a complex
level scheme that can be grouped into a low-lying part of
mostly irregular sequences of levels and one possible, weak
dipole structure (named D1), two regular and distinct dipole
structures (D2 and D3), as well as a number of rotational-like
E?2 sequences (Q1-Q4) at high excitation energy and angular
momentum. To ease the presentation of the results, both the
level scheme and the corresponding discussion is split into
four parts and sections.

A color code has been implemented throughout to describe
and highlight objects of the irregular low-spin pattern (black,
@), dipole structures D1 (gray, ), D2 (brick red, ®), and D3
(violet, ®), and quadrupole structures Q1 (dark green, ®), Q2
(green, ®), Q3 (medium blue, ®), and Q4 (dark blue, ®).

A. The low- to medium-spin part

The low- to medium-spin part of the proposed level scheme
of ®Cu is displayed in Fig. 2. States along or near the yrast
line are connected by the most intense transitions, which are
recognized by the thickest arrows. Level energies as well as

their spin-parity assignments are consistent with or supported
by a previous study [21]. That study employed a backed target,
implying that all recoiling nuclei were stopped in the center
of the respective Ge-detector array within roughly 1 ps. From
Fig. 4 in Ref. [21] it is apparent that at least the lifetime of the
8133-keV 13;r yrast state exceeds the time it took to stop the
recoils; all transitions of the main y-ray cascade depopulating
that state were emitted at rest.

The y-ray spectra from the present study displayed in
Figs. 3(a) and 3(c)-3(e) focus on previously unknown parts of
the decay scheme, while the y-ray spectrum in Fig. 3(b) fea-
tures the known yrast decay cascade mentioned above. That
spectrum is in coincidence with both the 738-keV 13 —
115 and 1552-keV 6; — 5 transitions. The sequence 1746-
1128-1365 keV connects the intermediate 7394-keV 115 and
3156-keV 6, states; weaker branches through the 461-1416-
616-keV cascade, as well as the 749-keV 8 — 7 transition,
form parallel decay paths between these states. Transitions
marked at 104, 225, 270, 454, 557, 823, and 1046 keV take
the y-ray flux from the 1604-keV 5] state to the ground state,
while the 1532- and 1342-keV transitions define a previously
unobserved side branch of the decay of the 7394-keV 113L
state. This part of Fig. 2 is further described by the spec-
trum in Fig. 3(a), which is in coincidence with the 738-keV
137 — 117 and 1532-keV 11} — 97 transitions. Besides
the already mentioned 1342-keV transition, additional weak
decay branches of the 5862-keV 97 level are defined by the
2491- and 2672-keV high-energy transitions in the inset, and
those of 513 and 837 keV. Through various parallel decay
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FIG. 3. Gamma-ray spectra from the yyy analysis of the low-to medium-spin part of the level scheme of **Cu (cf. Fig. 2). Energy labels
are in keV. They follow the color code outlined in the text. An asterisk indicates a doublet. Dashed vertical lines are to guide the eye. The
spectrum in panel (a) is in coincidence with the 738-keV 137 — 115 and 1532-keV 115 — 97 transitions. The inset shows a fraction of the
high-energy range. The spectrum in panel (b) is in coincidence with the 738-keV 137 — 117 and 1552-keV 6; — 5] transitions. The spectrum
in panel (c) is in coincidence with the 1088-keV 65 — 57 and 1382-keV 8 — 6] transitions. The spectrum in panel (d) is in coincidence
with the 790-keV 67 — 57 and 928-keV 77 — 67 transitions associated with structure D1. The spectrum in panel (e) is in coincidence with
the 823-keV 57 — 37 and 1587-keV 7 — 57 transitions. The spectra in panels (a)—(d) have a binning of 2 keV per channel, those of the

inset in panel (a) and panel (e) have 4 keV per channel.

paths, most of the y-ray flux is collected at the 557-keV 4
yrast state, followed by the already mentioned transitions at
104, 225, 270, 454, and 557 keV. Intermediate transitions at
1046, 1157, 1167, 1330, 1469, 1552 (see above), 1587, and
1640 keV relate to one of the weak decay branches between
the 97 and 4] states. Transitions marked in violet in Figs. 3(a)
and 3(b) belong to the dipole structure D3 (see Sec. IV C),
while peaks with gray labels in Fig. 3(a) at 616, 788/790,
and 1282 keV are part of or decay from the tentative dipole
structure D1 shown in the center of Fig. 2.

The spectrum in Fig. 3(d) is in coincidence with the 790-
and 928-keV dipole transitions associated with D1. Peaks at
605, 666, 835, and 1501 keV denote other members of D1,
those at 886 and 1282 keV connect to side structures. The
1469- and 1573-keV transitions connect the 2027-keV 57
level with the yrast 4] and 3] states, which decay to the

ground state with the set of y rays observed at 104, 225, 270,
454, and 557 keV. Unmarked weaker peaks in Fig. 3(d) relate
to connections into dipole structures D2 or D3 (see Secs. [VB
and IV C).

The spectrum in Fig. 3(c) is in coincidence with the
1088-keV 61 — 5 and 1382-keV 8] — 6] transitions and
illustrates parts of the level scheme on the right-hand side of
Fig. 2. Besides the common transitions at 104, 225, 270, 454,
557, 823, and 1046 keV, which connect the 1604-keV ST state
with the ground state of OCy, peaks at 506,922, and 1173 keV
are observed, which are found to feed the 4074-keV 8 level.

The spectrum in Fig. 3(e) is in coincidence with the
823-keV 57 — 3} and 1587-keV 7] — 5] transitions. Be-
sides the 781-keV 3] — 2| ground-state transition, the decay
from the 781-keV level can also proceed via transitions of 327
and 224 keV. The latter is a doublet with the more intense
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FIG. 4. Part of the level scheme of ®*Cu from the present study focusing on the dipole structure D2 (brick red) and its decay paths into the
lower-lying structures (cf. Fig. 2). Energy labels are in keV. The widths of the arrows correspond to the relative intensities of the y rays.

225-keV 2; — 1T transition. One can also observe the 1330-
keV line feeding the 3191-keV 71+ state, as well as indications
of the 738-keV transition and members of D3, once the
parallel decay branches of the related 7394-keV 113L state
reconnect (see above and Sec. IV C). The weak 1625-keV line
is one out of many transitions connecting D2 to the low- to
medium-spin part of the level scheme.

There are indications of additional weak decay paths with
<5 intensity units from the 2288-keV 5] state. These can be
either a 783-keV transition into the 1505-keV state or a 1507-
keV line into the 781-keV state or both. The apparent peak
doublets prevent definite placements.

Definite spin and parity assignments of the vast majority
of the states shown in Fig. 2 are possible based on ear-
lier measurements [21] and the often many combinations of
angular-correlation results for both populating and depopulat-
ing transitions. The few exceptions are the upper-left part and
right-hand side of Fig. 2, where tentative assignments rely on
yrast arguments, decay pattern, or anticipated structure.

It is worth noting that several low-lying Al = 1 transitions
reveal distinct negative mixing ratios. This concerns, e.g., the
781-, 1046-, or 1088-keV transitions. The DCO ratios for the
790- and 928-keV transitions of structure D1 indicate small
positive mixing ratios §(E2/M1) ~ +0.15. Furthermore, the
parity-changing 1157-keV E'1 yrast transition exhibits a small
but nonzero M2 admixture (see Sec. III). Finally, there are
weak 2038-keV E3/M?2 and 2485-keV E3 transitions depop-
ulating the distinct 8133-keV 13 yrast state in parallel to the
main 738-keV 13] — 115 E2 transition. This adds further
evidence to the observations in Ref. [21] that the electromag-
netic decay of the 13;r state is hindered.

B. The dipole structure D2

Figure 4 focuses on a newly observed regular sequence of
magnetic-dipole transitions, paralleled by weaker E2 transi-
tions. This dipole structure D2 covers an excitation-energy
range of approximately 4 to 12 MeV with spin-parity values
of 67 to 167. The presence and placement of D2 in the
level scheme, including its comprehensive decay pattern, are
evinced by the selected y-ray spectra shown in Fig. 5. In fact,
the well-resolved and detailed lower part of Fig. 4 reflects
the high quality of the data from the combined statistics of
three experiments with powerful reaction-channel-selection
capabilities.

All spectra in Fig. 5 are in coincidence with one or more of
the three main dipole transitions of D2 with energies of 591,
643, and 775 keV (cf. Fig. 4). The spectrum in Fig. 5(a) is,
in addition, coincident with any of the 870-, 904-, or 1774-
keV transitions placed on top of the 6852-keV 11 state. It
provides a survey of D2 as well as the structure’s decay pattern
and feeding transitions. To start with the latter, the 2239- and
3142-keV transitions are found to form a side structure reach-
ing the 145 level at 10 864-keV excitation energy. The DCO
ratio of the 2239-keV transition is consistent with a parity-
conserving Al = 1 character. Furthermore, weak transitions
of 3854 and 4558 keV mark links to quadrupole structures
observed at high excitation energies. These are discussed
below (Sec. IVD and Fig. 8). The terminating state of D2
at 12430 keV is justified by the presence of the following
lines in Fig. 5(a): the 834-, 1144-, and 1828-keV dipole
transitions and the 1738-, 1977-, and 2970-keV stretched
E?2 transitions. For all these high-lying transitions, DCO ra-
tios can be extracted. Note that the 1144-keV 157 — 147
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FIG. 5. Gamma-ray spectra from the yyy analysis of the level structure D2 of °Cu (cf. Fig. 4). Energy labels are in keV. They follow the
color code outlined in the text. An asterisk indicates a peak doublet. Dashed vertical lines are to guide the eye. All spectra are in coincidence
with any of the 591-, 643-, or 775-keV transitions defining D2. In addition, the spectrum in panel (a) is in coincidence with any of the 870-,
904-, or 1774-keV transitions (all D2), the spectrum in panel (b) with the 553-keV transition (D2), the spectrum in panel (c) with the 618-keV
transition (D2), and the spectrum in panel (d) with the 253-keV 6, — 57 transition (cf. Fig. 2). The spectra in panels (a)-(c) have a binning
of 2 keV per channel, those of panel (d) and the inset in panel (a) have 4 keV per channel.

dipole transition is a doublet with the 1143-keV 95 — 75 E2
transition.

At E, = 6076 keV, the flux along D2 splits, in part, into
two 8~ states (4815 and 4843 keV) and two 7~ states (4290
and 4418 keV). The state of D2 with the lowest spin and
excitation energy is the 6~ level at 4004 keV. This gives
rise to several side cascades within D2, parallel to the “cen-
tral” 591-, 553-, 286-keV sequence. Despite the fact that the
286-keV 75 — 65 transition is a doublet with the 287-keV
ground-state transition (cf. Fig. 2), it dominates the yield
in Figs. 5(a)-5(c). Examples of the aforementioned parallel
cascades are 591-425-414 keV, 618-525-286 keV, and 618-
397-414 keV. Similarly, there are two parallel E2 transitions
of 1233 and 1261 keV connecting the 10~ state in D2 with
two close-lying 8~ states.

Starting with the 10~ state at 6076 keV, there are many de-
cay paths connecting D2 with yrast or near-yrast states of both
positive and negative parity. Prominent ones are, according
to Fig. 5(a), the 970/972-keV and 1351/1353-keV doublets,
and the 1134-, 1488-, and 2093-keV transitions. Of particular
interest are the dipole transitions with the respective energies
of 1134, 1462 [cf. Fig. 5(c) and discussion below], and 1488
keV. All three of them have mixing ratios distinctively differ-
ent from zero [cf. Fig. 1(b)]. This settles the negative-parity

assignment for D2, because the transitions in question connect
D2 with the established 6] and 7, yrast states at 3156 and
3354 keV, respectively (cf. Fig. 2). Furthermore, dipole con-
nections from D2 to positive-parity states show DCO ratios
consistent with mixing ratios of zero, i.e., E'1 character.

The spectrum in Fig. 5(b) is in coincidence with the 553-
keV transition which feeds the 4290-keV 7 state in D2. In
addition to the 286-keV in-band and 1134 keV decay-out
transition (mentioned above), a set of additional peaks from
decays into primarily positive-parity states can be seen. For
instance, the 1187- and 1598-keV lines, as well as a 1474 keV
peak that explains the high-energy tail of the 1469-keV line,
lead into structure D1 (cf. Sec. IV A). The 790- and 928-keV
transitions are members of D1. Altogether thirteen y rays
depopulating the 4290-keV state have been found, but still
some of its decay flux remains unobserved (cf. footnote h in
Table I).

The spectrum in Fig. 5(c) is in coincidence with the
618-keV transition, which connects the 5434-keV 95 and
4815-keV 8; states. The 1225-keV 75 — 5] connection can
be clearly seen. Likewise, the 1587-keV transition is evi-
dent, which depopulates the 3191-keV 7 yrast state (Fig. 2),
which in turn is fed by the 1625-keV transition (Fig. 4). The
1462-keV connection into the negative-parity 7~ yrast state
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FIG. 6. Part of the level scheme of *°Cu from the present study focusing on the dipole structure D3 (violet) and its decay paths into the
lower-lying structures. The 8133-keV 13* yrast level is shown with a thicker line to guide the eye (cf. Fig. 2). Energy labels are in keV. The
widths of the arrows correspond to the relative intensities of the y rays.

is also prominent. In the case of the 4815-keV state, a total
of nine decay paths are established, which account for all
incoming flux.

The spectrum in Fig. 5(d) is in coincidence with the 253-
keV 6, — 5 transition located in the low-spin part of the
level scheme (cf. lower left corner of Fig. 2). The spectrum
clearly shows transitions at 972, 1100, 1498, and 1524 keV,
which all feed the 3318-keV 6, state from various states
associated with D2. The spectrum also features the 2507-keV
connection into the 557-keV 4% yrast state; its 270-, 454-, and
557-keV decays are present. The main transitions of D2 (cf.
vertical dashed red lines) are present, too.

In-band dipole-transition mixing ratios J8(E2/M1) =
+0.25 are derived for the members at the bottom of D2, with
a slightly decreasing trend toward §(E2/M 1) ~ 4-0.15 for the
higher-lying transitions [cf. Table I and Fig. 1(c)].

C. The dipole structure D3

Figure 6 focuses on another newly observed regular struc-
ture dominated by intense dipole transitions. Also, these are
bypassed by stretched E2 transitions. Structure D3 covers an
excitation energy range of about 9 to 16 MeV with spin-parity
values from 12% to (19%). The placement of D3 in the level
scheme and its decay pattern, which proceeds predominantly
through the 8133-keV 137 yrast state, is evinced by the selec-
tion of y-ray spectra shown in Fig. 7.

The spectrum in Fig. 7(a) is in coincidence with the 2050-
keV 141 — 13 transition, connecting the 10 183-keV state
associated with D3 with the highlighted 8133-keV 13" yrast
state. The relatively large DCO ratios of this transition indi-
cate a Al = 1 transition with a large positive mixing ratio (cf.
Table I) and, thus, suggests 14™ for the initial state. Besides
the intense 738-keV transition, the subsequent decay paths
from the corresponding 7394-keV 11; level (cf. Sec. IVA
and Figs. 2 and 3), and a few contaminating lines arising
from the nearby 2055-keV 97 — 7] transition (cf. Fig. 2),
the spectrum shows the D3 dipole transitions at 650, 861,
868, 1167, and 1908 keV as well as the quadrupole transitions
at 1510, 1518, 2034, and (in the inset) 3074 keV. Note that
the 1908-keV transition is seen as a high-energy tail of the
1891-keV line, and the 2034-keV transition as a low-energy
tail of the 2038-keV line. The latter is assigned E3/M2. It and
the 2485-keV E3 transition mark weak decay branches of the
8133-keV 13" state, parallel to the main 738-keV path. The
DCO ratios of the D3 in-band transitions determine the spins
and parities of the structure. The only exception is the topmost
level at 15635 keV, for which the assignment is tentative, i.e.,
based on the observed connections to both the 17 and 18*
members of D3 as well as yrast arguments (cf. Sec. III).

Similar to the y-ray spectra in Figs. 3(a) and 3(b), the re-
maining three spectra in Figs. 7(b)-7(d) are preselected by the
requirement of a coincidence with the 738-keV 131 — 117
transition. For the spectrum in Fig. 7(b), another coincidence
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FIG. 7. Gamma-ray spectra from the yy and yyy analysis of structure D3 of *°Cu (cf. Fig. 6). Energy labels are in keV. They follow
the color code outlined in the text. An asterisk indicates a peak doublet. Dashed vertical lines are to guide the eye. The spectrum in panel
(a) is in coincidence with the 2050-keV 141 — 13} transition. A label with a hash (#) indicates increased statistics arising from coincidences
with the 2055-keV 97 — 7} transition (cf. Fig. 2). The inset shows a part of the spectrum at higher energies: The peak at 3074 keV relates
to the terminating E2 transition of D3 while the other three labeled y rays reside in decay paths of the 8133-keV 13 state (cf. Fig. 2). The
question mark indicates an unplaced transition. The spectra in panels (b)—(d) are in coincidence with the 738-keV 13} — 115 transition and
an additional transition or set of transitions. These are, for panel (b), any of the 861-, 650-, or 868-keV transitions (all D3), for panel (c), the
2202-keV transition (D3), and, for panel (d), the 608-keV transition (D1). The spectra in panels (a)—(c) have a binning of 2 keV per channel,

those in panel (d) and the inset of panel (a) have 4 keV per channel.

with any of the “D3-typical” 650-, 861-, or 868-keV dipole
transitions is required. In addition to the already mentioned
transitions associated with D3, the 708-2202-keV side branch
becomes visible, giving rise to a second 14" state shown on
the left-hand side of Fig. 6. In addition, the 608-655-788-keV
path can be deduced, which includes the 8920-keV 12+ state
at the top of the D1 structure. Similar to the 2050-keV tran-
sition discussed earlier, also the 2202-keV transition reveals a
distinct mixing ratio §(E2/M1) ~ +1.

The spectrum in Fig. 7(c) is in coincidence with the
2202-keV 145 — 13 transition. It thus highlights the 708-
and 1358-keV transitions feeding this 142+ state. Besides,
it features the 650- and 868-keV transitions of the respec-
tive 650/655- and 861/868-keV doublets. The spectrum in
Fig. 7(d) is in coincidence with the 608-keV transition con-
necting D1 with D3. The 788-keV connection between the
8920-keV (D1) and 8133-keV states is apparent, as are peaks
representing the 655-, 807- (weak), and 1515-keV transitions

populating the 9528-keV state of D3. In the case of D3, the
mixing ratios of most of the in-band dipole transitions are
moderately positive, but smaller than those measured for the
dipole transitions within D2.

D. The high-spin quadrupole structures

At about 15 MeV excitation energy, collective band struc-
tures dominated by stretched quadrupole transitions become
yrast. They are shown in Fig. 8, together with linking tran-
sitions to the previously discussed parts of the level scheme.
The left-hand side of Fig. 8 presents, in addition, some weak
dipole-type structures and their 2- to 3-MeV connections to
the 97, 107, and 11~ yrast states.

Representative y-ray spectra for the structures Q1 to Q4
are presented in Fig. 9. The spectrum in Fig. 9(a) is in coin-
cidence with the 1919-keV 17 — 157 transition in Q2. The
3247-keV link to the 8133-keV 13 yrast state is prominent.
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intensities of the y rays. The spin-parity label (12, 137) at the bottom of band Q1 applies to both states at E, ~ 9.4 MeV. The 8133-keV 137

yrast level is shown with a thicker line to guide the eye.

One can also clearly identify the higher-lying members of Q2
with 2194 and 2698 keV, the 1541-2445-keV decay branch
of Q2, and some of the prominent low-spin transitions in
0Cu. The 1606- and 2263-keV lines belong to sequence Q4b
and occur in Fig. 9(a) because of the 1915-keV 197 — 17
transition there. The high-energy y-ray spectra in Figs. 9(b)
and 9(c) are in coincidence with the 738-keV 13;r — 11;’
transition. Figure 9(b) is dominated by the 3247-keV Q2
linking transition. Here, one can also observe the 3331-keV
linking transition and the 2698-keV transition at the top of Q2.
Both Figs. 9(a) and 9(b) exhibit high-energy decays (2672,
2818, and 3152 keV) of the (84), 95, and 9; states at 5349,
5862, and 6009 keV (cf. Sec. IV A), the topmost transition of
D3 with 3074 keV (cf. Sec. IV C), as well as transitions of
3593 and 4485 keV. The yields of the latter two are too small
to unambiguously identify transitions feeding their respective
initial levels at 11726 and 12617 keV.

The high-energy y-ray spectra in Figs. 9(d) and 9(e) are
in coincidence with the 446-keV yrast transition, which con-
nects the 6094-keV 117 and 5649-keV 10 states. These are
included at the bottom of Fig. 8 for completeness. Figure 8(d)
allows us to observe the 2346-keV line from the 8440-keV
state (left-hand side of Fig. 8) and the 2392-keV transition
which connects into D3 (cf. Fig. 6). The 2525-keV peak cor-
responds to the topmost transition of Q1, which is reached by
the 3300- and 3353-keV transitions visible on the right-hand
side of the spectrum. In this energy regime, the 3247-keV
link from Q2 (see above) is also visible, despite the relatively
weak connection between the 6094- and 8133-keV states. The

peak at 3231 keV refers to a transition that is parallel to the
previously mentioned 2346-keV line. In Fig. 8(e), a weak peak
at 4993 keV is observed, which is found to represent a link
from band Q4 (see below).

The spectrum in Fig. 9(f) is in coincidence with the 4558-
keV transition linking Q3 with the dipole structure D2 [cf.
Sec. IV B and Fig. 5(a)]. The three members of Q3 with 1506,
1833, and 2190 keV can be seen, in conjunction with the main
dipole and quadrupole transitions below the 8625-keV 13~
state in D2. The spectrum in Fig. 9(g) is in coincidence with
the 4993-keV transition connecting Q4 with the 6094-keV
117 state [cf. Fig. 8(e)]. In addition to the most intense tran-
sitions of the low-spin negative-parity and ground-state yrast
sequences, peaks representing both Q4 quadrupole cascades
are observed: 1391, 1606, 1915, and 2263 keV, and 1478 and
1747 keV, respectively. Furthermore, dipole connections be-
tween Q4a and Q4b appear to be present at 674 and 760 keV.

For the 3300-keV Q1 linking transition, a DCO ratio is
obtained, but its uncertainty is large. Therefore, the spin as-
signments to members of Q1 remain tentative. In this case, it is
difficult to use yrast arguments to constrain the values further.
In contrast, the DCO ratios of the 3247- and 3331-keV Q2
linking transitions are consistent with stretched E2 character,
which defines spin and parity of the lower states of band Q2.
Based on yrast arguments and anticipated quadrupole col-
lectivity, tentative spin-parity assignments are suggested for
the higher-lying members of Q2. With the same arguments,
tentative spins and parities are proposed for the band members
of both Q3 and Q4.
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FIG. 9. Gamma-ray spectra from the yy analysis of the quadrupole structures at high excitation energies in %°Cu (cf. Fig. 8). Energy
labels are in keV. They follow the color code outlined in the text. The spectrum in panel (a) is in coincidence with the 1919-keV 175 — 155
transition (Q2). Transitions from structure Q4b are also present due to a coincidence with the 1915-keV 197 — 175 transition in that sequence.
The spectra in panels (b) and (c) are in coincidence with the 738-keV 13?r — 11;r yrast transition. The spectra in panels (d) and (e) are in
coincidence with the 446-keV 11; — 10; yrast transition. The question mark in panel (d) indicates a transition that could not be placed in the
level scheme. The spectrum in panel (f) is in coincidence with the 4558-keV transition linking Q3 into the dipole structure D2. The spectrum
in panel (g) is in coincidence with the 4993-keV transition linking Q4 to the 11; yrast state at 6094 keV [cf. panels (d) and (e)]. The binning
of the spectra in panels (c) and (e) is 8 keV per channel, and of all other spectra 4 keV per channel.

The choices for (tentative) spin assignments are investi-
gated further with Fig. 10. Relative yields as a function of
excitation energy, E,, for the dipole and quadrupole cascades
as well as all other observed y rays are shown. The latter
include the transitions connecting the various collective bands
with the lower-lying states. The suggested initial and final
spin values for D2, D3, as well as Q1-Q4 are included in the
figure. At the highest excitation energies, E, ~ 18—19 MeV,
and spins I 2 20, Q2, Q3, and Q4 essentially share the yrast
line. Among the quadrupole bands, the yrast line gradually
shifts toward Q2 at about spin I = 17 at E, = 13—14 MeV.
However, on an absolute scale, D3 determines the yrast line at
about these values of spin and excitation energy. At E, ~ 10
MeV and I ~ 13-14, i.e., where the curves of D2 and D3 cross
in Fig. 10, D2 becomes yrast, but this is quickly challenged by
the yrast states of the noncollective part of the decay scheme.

For Q1, the data points in Fig. 10 are labeled with the lower
spin option, i.e., I = 12, 14, 16 for the states belonging to the
band. In fact, for the other, higher spin option/ = 13, 15, 17, a
larger overall yield would be expected due to yrast arguments,
as outlined at the end of Sec. III. From this point of view,
I =12, 14, 16 is the slightly favored choice.

V. DISCUSSION

The overall scope of the high-spin level scheme of ®°Cu
is similar to other comprehensive decay schemes derived for
nuclei in the vicinity of doubly magic *°Ni: at low excitation
energy and spin, a rather irregular pattern is observed, which
calls for an interpretation in the framework of the spherical
shell model. These calculations and predictions are the subject
of Sec. V A, including a brief case study of the mirror nucleus
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FIG. 10. Relative yields as a function of excitation energy, E,,
for the various dipole and quadrupole cascades as well as all other
observed y rays (dark gray). The color code outlined in the text is ap-
plied for Q1-Q4 and D2, D3. The total relative yield is indicated by
the black line connecting the filled squares. The numbers correspond
to the lowest and highest spin value attributed to a given cascade. For
Q1, the option I = 12, 14, 16 has been chosen for this figure, rather
than the alternative I = 13, 15, 17 (see text and Table I).

%0Ga. The collective structures are compared with predictions
of cranked Nilsson-Strutinsky calculations in Sec. V B.

A. Shell-model calculations
1. Model spaces and parameters

For all shell-model calculations, the computer code AN-
TOINE [36,37] was used. All shell-model results refer to
fully diagonalized calculations. With Z = 29 and N = 31, the
low-spin level scheme of ®'Cu is expected to first exploit
particles in the upper-f p shell comprising the f5/2, p3/2, and
P12 orbitals. Additional angular momentum can be gener-
ated by either creating holes in the high-j f;/, orbital, which
dominates the low-spin nuclear structure between *“’Ca and
%Ni, or by moving particles into the high-j, positive-parity
89,2 intruder orbital. For shell-model practitioners, the first
option is to explore the fp model space for low-lying positive-
parity states in ®*Cu (cf. central and right part of Fig. 2 up to
about E, = 5 MeV), and the f5,2pg9/» space for medium-spin
negative-parity states (cf. left-hand side of Fig. 2) and the
higher-lying positive-parity states in Fig. 2. A shell-model
interaction involving both holes in f7,, and particles in gg/» is,
to our knowledge, not available. Nevertheless, these particle-
hole excitations quickly evolve into collective structures (see,
e.g., Ref. [3]) and, thus, are covered by the calculations de-
scribed and assessed in Sec. V B.

For the fp space, shell-model calculations are based on
the commonly used GXPF1A [38] and KB3G [39,40] in-

teractions. In the notation of Refs. [19,41], the KB3G56
interaction rather than the original KB3G interaction is used
for this study. The difference is a reduced gap size at par-
ticle numbers N = Z = 28 (300 keV), and isospin-breaking
terms were incorporated according to the descriptions in,
e.g., Refs. [41,42], which build on the concepts outlined
in Ref. [43]. Furthermore, an empirical isotensor isospin-
nonconserving interaction was taken into account [44,45].

For mass A = 60 nuclei, it is challenging to conduct unre-
stricted calculations in the full fp model space. For the yrast
line, a truncation scheme allowing for an excitation of up to
six nucleons from the f7,, shell into the upper fp shell is
implemented, commonly denoted as ¢t = 6. For the observed
multitude of states with the same spin and parity, calculations
had to be restricted to r = 4.

Unrestricted calculations in the f5,,pg9/> space use the
JUN4S5 interaction [46], which has recently been extended
to also include isospin-breaking terms along the same lines
mentioned earlier (see Supplemental Material to Ref. [7] for
details).

Electromagnetic decay properties are derived using bare g
factors for M1 transitions for the two fp space interactions,
while the g factors are modified by a quenching factor of 0.7
for g, for use with the JUN45 interaction [46]. Furthermore,
two sets of E2 effective charges are used: set A, ¢, = 1.15¢
and ¢, = 0.80e for protons and neutrons, respectively [47],
as well as set B, ¢, = 1.33¢ and ¢, = 0.45¢ for protons and
neutrons, respectively, according to a recent comprehensive
survey and evaluation across the sd and fp shells [48]. Be-
cause of limitations of the model space and the available
version of the shell-model code, strengths of parity-changing
transitions are set to B(E1) = 107> W.u., B(M2) = 0.01 W.u.,
and B(E3) =1 W.u., respectively. These choices provide
good agreement with, e.g., observed branching ratios (see
discussion below). Experimental y-ray energies are used to
compute branching and mixing ratios of the transitions, as
well as lifetimes of the nuclear states.

2. Results for ®Cu

A comparison between experimental and predicted yrast
energies for the low- to medium-spin states (cf. Fig. 2) is
presented in Fig. 11. On the left-hand side, the evolution of
predictions using truncation schemes of r =4, =5, and t =
6, exemplified for the GXPF1A calculations in the fp space,
indicates that convergence at ¢ = 6 is sufficient. This is in
line with many earlier shell-model studies in the mass region.
Except for the slightly overpredicted split between the 17 and
2% levels and an underpredicted 12% state, the energy levels
near the yrast line calculated with the GXPF1A interaction
are in excellent agreement with the observed ones. This is
underlined by a mean-level deviation (MLD) of only 94 keV
for a binding-energy shift (BES) of —150 keV for the twelve
states shown on the left-hand side of Fig. 11. For the same set
of states, the values are MLD = 314 keV and BES = 10 keV
for the calculation with the KB3G56 interaction. Here, the
order of the spin I < 4 states is not correctly reproduced, the
energies of the I = 5-8 levels are consistently underpredicted,
and the / = 9-12 levels, in turn, are too high in energy. Note
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includes a 9™ level (dotted line) that is placed at the mean energy of the observed 95 and 9] states. The labels “ND1”, “ND2”, “ND3”, and
“D1” are indicative for parts of structures compared with cranked Nilsson-Strutinsky calculations in Sec. V B. See text for details.

that in the context of the cranked-Nilsson—Strutinsy (CNS)
calculations (cf. Sec. V B), the present states are labeled ND1
(I <8andD1 (@8 <1< 12).

None of the fp shell-model calculations is predicting a
low-lying 137 state (labeled ND3). In fact, the 137 yrast state
observed at 8133-keV excitation is best described by a com-
bination of fully aligned [7(g9/2) X v(go/2)]y X v(fs/z)i and
[ (g9/2) x v(g9/2)lg X [V(fs5/2)v(p3,2], configurations. Both
rely on a strongly attractive 7 = 0, J = 9 two-body matrix
element. Specifically, the wave function predicted by the
JUNA4S5 interaction suggests a 32% partition of the former and
a 67% partition of the latter, as opposed to the third possi-
bility, namely, another fully aligned configuration [ (fs/2) X
v(fs52)]s x v(go /z)g, which is predicted to dominate the yrare
13" state (97%). The cranked Nilsson-Strutinsky calcula-
tions of Sec. VB predict this “favored-termination” state
as well.

With summed partitions of 95% and 98%, the yrast 9" and
117" states predicted by the JUN45 interaction also rely on

this fully aligned 7 = 0, J = 9 proton-neutron pair in the gg/»
orbital, accompanied by various combinations of couplings
of the remaining two neutrons in the upper fp shell. The
predicted 117 state corresponds to the 7394-keV 113L level,
which has two relatively intense E2 branches feeding the 97
and 95( states at 5862 and 6009 keV (see Fig. 2). Therefore, it
is reasonable to associate one or both of these observed non-
yrast 91 states with predicted states involving 7 =0, J =9
proton-neutron pairs. Recall that f;,,-hole configurations can
also play a role, which, however, lie outside the JUN45 model
space.

The calculated energies of the 11—4* multiplet for JUN45
are in similar agreement with experiment as those obtained
for the two fp interactions. The gap to the yrast 5T state,
however, is larger for JUN45, while the predicted 67 energy
is comparable with the other calculations and in line with
experiment. The 7t and 8" energies for JUN45 are once
again too high. These deviations can be traced to particle-
hole excitations across the shell gaps at particle number 28.
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For instance, JUN45 prefers (99% partition) the fully aligned
[ (fs2) V(fs/z)i x v(p3,2)]g configuration, which is pre-
dicted to contribute only 18% to the wave function of the yrast
8+ state in case of GXPF1A. Similarly, closed-core partitions
sum up to only 20% and 27% for the yrast 7 and 57 states,
compared with ~40% for the other low-lying states. It is
important to recall that *°Ni is a ‘soft’ doubly magic core,
the ground state of which has been predicted to comprise
only 40-50% closed-core configurations (see, e.g., Ref. [49]
and references therein). Clearly, calculations with JUN45 can-
not account for the aforementioned particle-hole correlations.
This is also a justification for scaling the predicted energies
eboy 0.9; there are only four valence nucleons at hand for
Cu.

A comparison of the excitation energies of the 5~ to 11~
yrast states with scaled results of JUN45 predictions is shown
on the right-hand side of Fig. 11. First, all these predicted
states have leading configurations and occupation numbers
that are dominated by partitions with a single neutron in
the gg/» orbital. Second, with the exception of the 7 state,
experimental and theoretical energies align very well, given
the boundary conditions mentioned earlier. The wave function
of this particular 7~ state involves 51% of the fully aligned,
seniority v = 2 [ (f5/2) X v(g9,2)]7 configuration. Hence, the
above deviation seems primarily related to that two-body ma-
trix element. In fact, a quick test with that two-body matrix
element (TBME) set to be more attractive by 1 MeV shows a
reduction of the energy difference between the predicted 67
and 77 states from 1.1 to 0.6 MeV. It is worth mentioning that
the authors of Ref. [46] are concerned that “the present f5pgo
model space cannot be a good basis for the ‘unified model”
and that further work needs to be done, including the provision
and consideration of additional experimental constraints.

With the exception of the 62-keV lfr level, which has a
measured half-life of 2.0(1) ns [20], no excited-state lifetimes
are known in ®°Cu. Thus, assessments of electromagnetic
decay properties have to rely on branching ratios b and mixing
ratios 8(E2/M1). Tables II-1V provide comparisons between
selected experimental values and various theoretical predic-
tions. In addition, Tables II and III also provide lifetime
predictions. Note that, for a few non-yrast states, which are
predicted to be close in excitation energy, the association
with experimental levels is reordered based on an improved
description of their decay and feeding patterns. This refers to
reduced values of mean branching deviations (MBDs), which
can be used to assess the level of agreement between calcu-
lated and observed branching ratios [50].

For the ten positive-parity yrast states (/ = 3—-12), MBD =
0.089(11) and 0.092(12) for the columns labeled GXPFI1A
gef-A and -B, respectively, i.e., there is no significant dif-
ference in the predictions using different effective charges.
Furthermore, the description of these states is only slightly
worse for the KB3G56 interaction with MBD = 0.105(13).
For the relevant subset of low-lying positive-parity states
and including predictions for the negative-parity yrast states,
MBD = 0.090(9) for JUN45 predictions, which is compara-
ble in size, too. Notably, all values are significantly worse
than descriptions of yrast states in slightly lighter nuclei, the
structure of which is dominated by holes in the f;,, orbital

rather than particles in the upper f p shell (see, e.g., Table III
in Ref. [42] or Table III in Ref. [51]). Including non-yrast
states (cf. Table II), MBD values for low-lying states in
®Cu remain essentially the same for GXPF1A predictions
[MBD = 0.083(6)] but worsen significantly for the calcula-
tion based on the KB3G interaction [MBD = 0.17(1)]. Thus,
the GXPF1A interaction appears to be a reasonable but far
from optimal choice to address shell-model states in N ~ Z,
A 2 60 nuclei. Note that this conclusion is very much in line
with the discussion of excited states in **Ga (see Tables III
and IV in Ref. [19]). In view of Ref. [46] quoted earlier,
JUN45 predictions for non-yrast states of *’Cu are to some
extent premature, not the least given the few valence particles
available outside the, in this case, closed °Ni core.

The above conclusions will be illustrated with a few ex-
amples. Starting with the well-established low-lying 17 to 4%
states, E, < 1 MeV, the lifetime predictions of the IT state
range from t = 0.2 ns (KB3G56) to t = 34 ns (GXPF1A),
with the experimental value lying in between [20]. Similarly,
there is a spread in predictions of about one to two orders
of magnitude for the lifetimes of the 25, 3], and 47 levels.
Clearly, lifetime measurements would provide an additional
tool to help constrain the underlying shell-model interaction.
Nevertheless, already the largely varying predicted branching
ratios for, e.g., the 2;’ and 4T states yield relevant information:
the GXPF1A predictions are in line with experiment for the
27 level, but completely miss the 104-keV branch from the
4T level. The KB3G56 predictions, on the other hand, fail to
describe the decay paths of the 25 level, while they are close
to experiment for the 4, level. Such unusually large variations
clearly indicate that the two-body matrix elements among the
orbitals in the upper- f p shell are far from established. Inter-
estingly, for these few low-lying levels, JUN45 provides the
overall best agreement between experimental and predicted
branching ratios.

The situation is somewhat better for the 1604-keV 5, and
2197-keV 6] yrast states, for which all predictions are com-
parable and in good agreement with experiment. However,
the agreement among predictions and experiment worsens
again for non-yrast and the higher-lying yrast states. For some
of these, even the main observed branches are occasionally
missed: in case of KB3G56, the 2055-keV 9 — 7}, the 925-
keV 10 — 97, or the 1811-keV 10] — 8 transitions, or in
the case of GXPF1A, the 1463-keV 12?r — (11;“) transition.
Still, the observed decay pattern of the very same 7457-keV
(11;’) level is nicely described by the calculation with the
GXPF1A interaction. Note that the predicted lifetimes are 7 <
1 ps for all states with E, = 2.5 MeV and I 2 67 (described
within the fp model space).

As stated in the discussion of Fig. 11, the observed 7394-
keV 115 and 8133-keV 13 states (Fig. 2) are connected with
configurations that involve two particles in the gg/, orbital,
i.e., they fall outside the fp model space of GXPF1A and
KB3G56. In fact, the lifetime prediction using the JUN45
interaction for these states (provided at the end of Table III)
suggests T & 0.1-0.4 ns for the fully aligned, seniority v = 4
13;r state. Here, a final note on the branching ratios seems in
order. First, the predictions strongly depend on the effective
charges used. Second, the values are well in line with the
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TABLE II. Selection of experimental (Table I and Ref. [20]) and predicted branching ratios of low-spin positive-parity states in ®Cu (cf.
Fig. 2). Predictions of two sets “A” and “B” of effective charges are explored for the GXPF1A interaction (cf. text for details). In the first row
of a given state, predicted excited-state lifetimes t (ps) are provided (in italic). In the JUN45 column, states without any reasonable match are
labeled “n.m.” (see also corresponding footnotes). Energies of unobserved y-ray transitions are listed in italic characters and the branching
ratio is labeled “n.o.”

E, E, Bexpt GXPFIA KB3G56 JUN45
(keV) (keV) 17 (m) I7 (m) (%) Eeff-A Eefr-B Eefr-B &efr-B
62 1 34000 34000 220 350
287 2f 9.0 9.0 470 6.7
225 1 75.0(19) 71.7 71.7 02 48.8
287 2f 25.0(19) 283 283 99.8 51.2
365 1} 6.0 6.0 49 1.9
303 1 n.o. 104 10.4 6.5 1.9
365 2f 100 89.4 89.5 92.2 96.6
454 3F 3.6 3.6 16 17
167 2 2303) 12 12 182 0.8
391 1 0.3(1) 0.1 0.1 1.6 0.0
454 2f 97.4(4) 98.6 98.7 80.2 99.2
557 4f 550 770 62 580
104 3 37.3(17) 0.1 0.1 633 25.4
270 2 10.5(7) 12,5 12.9 0.0 3.1
557 2F 52.1(18) 87.4 87.0 36.7 715
781 37 0.90 0.91 1.1 1.9
224 4f 14.8(41) 0.1 0.1 55 433
327 3f 22.2(36) 2.6 2.6 75 1.9
494 2 n.o. 4.4 44 86 25
781 2f 63.0(56) 92.4 92.5 0.5 50.4
1421 4t 0.97 1.2 0.28 0.42
863 4f 18.1(34) 4.6 55 55.3 43.4
967 3F 27.5(40) 27.1 30.2 345 48.8
1134 2 31.9(45) 19.4 17.6 1.0 12
1421 2F 22.5(40) 48.9 46.7 0.0 0.9
1505 4t 8.1 9.4 1.0 2.8
724 3F 12.5(24) 3.1 3.2 12 323
948 4f n.o. 18.1 19.0 32.6 3.4
1052 3F 36.5(38) 36.9 37.6 61.8 62.6
1218 2 n.o. 6.0 48 1.7 0.0
1506 2f 51.0(43) 353 34.6 2.7 1.7
1604 5f 2.4 3.1 2.1 11
823 35 7.5(7) 14.7 142 1.0 02
1046 4f 90.0(11) 48.1 48.8 70.3 93.4
1150 3F 2.5(5) 36.7 36.3 27.9 49
1779 55 2.3 2.5 2.0 0.83
274 4f n.o. 0.8 0.8 17.5 5.2
358 4% 10.8(15) 3.6 3.9 28.9 0.8
877 37 n.o. 122 113 5.7 1.0
1221 4F 35.1(20) 513 56.3 32.8 92.4
1325 3F 54.1(24) 31.0 26.6 3.1 0.1
2027 5% 0.53 0.56 0.52 15
248 55 2.3(5) 0.1 0.1 0.0 0.8
423 57 0.8(4) 2.9 3.1 1.0 0.8
605 4t 8.9(11) 18.5 19.4 6.0 05
1246 37 n.o. 2.9 22 4.4 27.7
1469 4F 79.5(28) 58.1 60.7 713 64.1
1573 3F 8.5(14) 16.3 13.4 15.9 0.5
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TABLE II. (Continued.)

E, E, Dexpt GXPF1A KB3G56 JUN45
(keV) (keV) I7 () I3 (m) (%) Eei-A Eer-B &er-B Eetr-B
2197 6F 0.52 0.73 0.86 14
594 5F 3.14) 1.1 1.6 6.8 12.3
1640 4 96.9(4) 97.4 96.7 92.7 74.2
2692° 65 0.73 0.81 0.64 0.45
665 5% 2.0(7) 1.9 1.9 0.0 0.3
913 55 n.o. 21.5 22.3 3.9 36.6
1088 5F 48.2(21) 35.1 38.4 55.4 49.3
1186 4f 31.9(18) 0.4 0.4 7.0 0.0
1271 43 17.9(14) 10.0 8.4 26.9 4.2
2135 4f n.o. 23.9 21.6 4.8 0.9
2817+ 67 0.40 0.42 1.7 1.5
466 5% 3.3(10) 6.8 7.1 4.5 0.0
529 55 1.6(9) 10.7 11.2 11.0 0.0
620 6f 4.1(10) 0.3 0.3 7.6 1.5
790 57 59.8(46) 23.3 24.4 32.6 18.9
1038 55 13.8(20) 0.9 0.9 1.3 18.5
1213 5F 8.5(17) 40.2 40.0 25.4 11.1
1312 4 n.o. 7.3 72 0.1 46.3
1396 4F 8.9(17) 10.2 8.7 0.9 0.1
3191 T 0.35 0.45 0.88 n.m.¢
499 61 4.909) 0.0 0.0 3.9
994 6F 13.0(13) 33 4.0 24.9
1412 55 15.4(13) 1.9 2.0 0.4
1587 5F 66.7(23) 91.8 90.2 62.2
3372¢ 7y 0.24 0.26 0.39 n.m.c
680 65 n.o. 7.0 7.5 23.7
1175 6F 23.5(32) 69.1 74.0 153
1593 55 48.7(41) 20.5 16.1 48.8
1768 5F 27.7(33) 1.8 0.9 0.2
3745° 7T 0.29 0.32 0.35 0.09
806 6F 7.1(14) 0.1 0.1 7.5
928 67 52.0(40) 36.9 40.4 43.3 67.4
1053 65 n.o. 114 12.3 21.2 L5
1395 5% 5.6(13) 9.5 9.1 0.0
1457 55 n.o. 23.7 20.9 12.9
1548 6F 18.7(27) 52 5.7 2.9 14.7
1718 5% 16.7(22) 0.2 0.0 0.4 0.0
1966 55 n.o. 9.1 6.6 0.6 5.5
4074 8F 0.66 0.81 0.64 n.m.
703 7 15.1(20) 20.5 25.3 22
883 T n.o. 4.4 5.1 49.7
1257 65 n.o. 25.0 25.8 0.2
1382 65 84.9(20) 314 27.0 44.1
1877 6f n.o. 14.9 12.8 0.2
4580 87 0.14 0.16 0.43 n.m.
506 87 5.4(13) 26.2 28.7 49
835 ¥ 28.3(29) 18.8 20.4 14 4.7
1389 7F 9.8(25) 1.4 1.4 0.1
1763 65 56.5(41) 15.1 16.2 0.3 94.9
1888 65 n.o. 35.6 30.6 0.1 0.4
4740 87 0.21 0.24 2.4 n.m.
893 s 36(7) 4 5 36
995 75 n.o. 11 13 11
1529 64 32(7) 27 26 4
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TABLE II. (Continued.)

E, E, Dexpt GXPFI1A KB3G56 JUN45
(keV) (keV) Iiﬂ (h) I}T (B (%) eft-A Eer-B Eeit-B efr-B
1549 7T n.o. 11 12 8
1801 6f{ 32(7) 19 18 0
2543 6T n.o. 12 11 27
5246 91+ 0.17 0.19 0.32 n.m.
666 8; 16.7(21) 28.9 31.8 51.2
1173 8;r 8.6(20) 6.4 6.7 17.7
1400 7?{ 9.7(16) 0.1 0.2 29.8
1501 7; 17.7(25) 22.2 20.5 0.5
1875 7; 14.0(23) 25.7 23.0 0.2
2055 7fr 33.3(36) 16.2 17.3 0.1
54670 9;’ 0.38 0.46 1.1 n.m.
727 8; 2 2 3
886 8; 27(6) 24 28 76
1393 ST n.o. 13 15 9
1620 7} 28(6) 44 40 2
1722 7; 22(4) 0 0 0
2095 7; 20(4) 17 14 4
6392° 101+ 0.13 0.14 0.18 n.m
925 9; 27(7) 28 30 1
1145 9T 26(7) 32 33 18
1652 8; n.o. 10 9 24
1812 8; 34(7) 19 18 0
2318 ST 13(6) 8 8 0
6442° 102+ 0.09 0.10 0.06 n.m.
1196 9fr 54(8) 57 61 75
1862 8; 46(8) 17 15 21
2368 8T n.o. 17 15 1
6634 103+ 0.13 0.15 0.65 n.m.
1894 8; 100 46 43 40
7137 111+ 0.17 0.21 0.22 n.m.
695 102+ n.o. 12 14 37
1670 9; n.o. 34 33 1
1891 9T 100 48 45 59
7457¢ 1 13+ 0.06 0.07 0.08 n.m.
1065 10?r 54(18) 41 45 64
2211 9T 46(18) 30 27 1
8920¢ 121+ 0.09 0.10 0.03 n.m.
1293 1 II n.o. 17 17 5
1463 1 13+ 78(9) 5 5 49
1783 1 11+ n.o. 2 2 16
2286 10}' n.o. 27 26 1
2479 102+ 12(5) 11 11 13
2529 101+ 10(5) 39 38 16

2For the calculation with the GXPF1A interaction, the predicted 65 and 67, 75 and 77, and 95 and 95 states are interchanged. See text for

details.

®For the calculation with the KB3G56 interaction, the predicted 67 and 67, 95 and 95, and 10] and 10 states are interchanged. See text for

details.

“The decay pattern of the calculated 7/ yrast state matches favorably the experimental 77 state.
9The calculated 117 state is used and the experimental 7394-keV 113 and 8133-keV 13 states are ignored. See Table I1I and text for details.

observation that the lifetime of that state must exceed several
picoseconds [21]. Third, with the set values for B(M?2) and
B(E3) strengths, the observed decay pattern of the 8133-keV
state is very well described. To achieve a similar level of
agreement between theory and experiment, including the mea-
sured §(M2/E1) of the 1746-keV 11;r — 107 transition, it is

necessary to double the set B(E 1) strength (branching ratio) to
2 x 1073 W.u., and to quadruple the B(M2) strength (mixing
ratio) to 0.04 W.u.

The measured and predicted branching and mixing ratios
of transitions deexciting the yrast and a few closely lying yrare
negative-parity states, as well as derived lifetimes of these
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TABLE III. Selection of experimental (cf. Table I) and predicted branching ratios of medium-spin negative-parity states, as well as the
7394-keV 115 and 8133-keV 13} levels in %Cu (cf. Fig. 2). Predictions of two sets “A” and “B” of effective charges are explored for the
JUN4S interaction (cf. text for details). In the first row of a given state, predicted excited-state lifetimes 7 (ps) are provided (in italic). Energies
of unobserved (n.0.) y-ray transitions are listed in italic characters. The two rightmost columns provide measured and predicted mixing ratios.

Ex Ey bexpt btheo Slheu
(keV) (keV) 17 (h) I3 (n) (%) Eerr-A &crr-B Bexpt Eeir-B
3065 57 2.2 2.2
3156* 6, 6.4 6.4
3318 6, 3.1 3.1
3354° T 9.1 9.1

198 6; n.o. 3 3
662 6 n.o. 4 4
1157 6F 100 89 89 —0.11¢) —0.10
3772° 75 0.73 0.73
417 7 42(2) 63 63 6] > 1 0.00
616 6, 41(2) 15 15 —0.09¢) —0.01
1080 65 13(2) 15 15 —0.16¢%) —0.16
1575 6/ (1) 5 5
4521 8 0.06 0.06
749 75 (1) 1 1 +0.3(2) —0.01
1167 7 29(2) 97 98 —0.17(})) +0.02
1330 7 20(2) 0 0 —0.01(10) —0.02
1365 6, 45(2) 0 0
4996 o 4.1 6.2
475 8, n.o. 14 21
922 8+ 12(2) 5 8
1224 7 9(2) 45 38
1643 N 79(4) 35 32
5188 97 0.53 0.81
667 8- 5(1) 3 4
1114 8F 3(1) 1 2
1416 75 53(2) 4 5
1833 T 39(2) 92 89
5649 107 1.4 1.5
461 9; 27(2) 80 86 +0.10¢) 0.00
652 9 4(1) 0 0 —0.06(%)) +0.16
1128 8 69(2) 20 14
6094 117 12 16
446 107 33(3) 44 55 —0.06(7) +0.03
906 9 61(3) 55 44
1098 9, 6(1) 1 1
73949 115 2.1 33
527 10; 1(1) 1 I
1115 105 6(1) 5 7 +0.01(12) 0.00
1386 9F 12(1) 0 0
1532 9F 28(2) 60 36
1746 107 54(3) 35 56 —0.05¢}) —0.04
8133 137 130 350
738 115 92(1) 97 93
2038 11y 6(1) 2 5
2485 107 2(1) 1 3

“The predicted 6] and 6, states are interchanged. See text for details.

"Using B(M2) = 1.5 W.u. and B(E1) = 4 x 10~> W.u. for the 1157-keV transition.
“Using B(M2) = 10 W.u. and B(E1) = 1 x 10~* W.u. for the 1080-keV transition.
4Using B(M2) = 0.04 W.u. and B(E1) = 2 x 107> W.u. for the 1746-keV transition.
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TABLE IV. Selection of experimental (Table I) and predicted §(E2/M 1) mixing ratios of transitions connecting low-spin positive-parity

states in ®Cu (cf. Fig. 2).

E, E, Bexpt GXPFIA KB3G56 JUN45
(keV) I7 (h) (keV) (%) Eefi-A Eefi-B Eefi-B Eefi-B
287 2;’ 225 +0.16(g) +0.01 +0.01 —0.28 +0.01
454 3+ 454 +0.03¢) —0.13 —0.11 ~0.08 —0.04
781 32+ 781 ~—0.8 +0.12 +0.10 —0.38 —0.05
1505 4;’ 1052 ~—1.0 —0.81 —0.68 +0.08 —0.15
1604 ST 1046 —0.8@) +330 +290 —0.26 —0.09
1779 52+ 1221 +0.11(H) —0.02 —0.06 —2.4 +0.08
2027 5;’ 1469 —0.14(%9) —0.12 —0.10 —0.08 —0.25
2692 6; 1088 —-0.9(2) —0.21 —-0.19 —0.35 —0.11
2817 63+ 790 +0.l4($) +0.20 +0.19 —0.10 —0.12
3191 7?’ 994 —0.9(@) +0.82 +0.75 +0.20 a

3745 7; 928 +0.22(;) +0.33 +0.31 +0.15 a

#Unclear matching of observed and predicted states. See Table II.

states, are provided in Table III. First of all, the calculated val-
ues are comparable for the two sets of effective charges, i.e.,
none of the observables turns out to be particularly sensitive to
those parameters for this set of negative-parity states in ©Cu.
To achieve agreement with the decay pattern of the 7, and
T, states, exchanging the predicted 6] and 6, levels turns out
to be the favorable option in terms of MBD considerations.
Furthermore, to reproduce the observed dominating 1157-
keV 77 — 6f branch and its measured nonzero §(M2/E1)
mixing ratio, considerably larger B(E1) = 4 x 10~ W.u. and
B(M?2) = 1.5 W.u. strengths compared with the standard val-
ues are required. Even more drastic adjustments are needed to
accommodate a sizable 1080-keV 7; — 67 transition in the
theoretical description. In fact, the predicted occupation num-
bers for the engaged states point at a large overlap between
partitions involving v(go,2) and v(f5,2) contributions in the
initial and final states.

The predicted decay pattern of the yrast 8, 97, and 107
states is dominated by strong M1 matrix elements, in ten-
sion with experiment, which calls for additional E2 decay
strengths. The JUN45 calculation predicts such an E2 tran-
sition only for the 6094-keV 117 state. Inspecting the decay
pattern of the two closely lying yrast and yrare 9~ states
reveals comparable MBD values when exchanging their as-
signments to the experimental counterparts. An additional
two-state mixing approach could result in a nice theoretical
description of both of them. The yrast 9] state is predicted
to be primarily composed of [77(g9/2) x v(f5/2)]7 X v(p3/2)%
(22%) and [(gs;2) X v(f52)l7 X [V(p312) X 7(p312)] (70%)
partitions, i.e., mixed proton or neutron gg,, excitations. At
variance, the yrare 9, level is predicted to comprise mostly
[JT(fS/z) X U(gg/z)]7 X U(fp)% (~80%) partitions but hardly
any with proton g9/, occupancy.

Table IV compares measured and calculated §(E2/M1)
mixing ratios for a number of rather intense, stretched Al =
1 transitions connecting low-lying positive-parity states (cf.
Fig. 2). In general, the level of agreement between experiment
and theory is similar to the description of the branching ratios
(cf. Table II): On the one hand, there are cases of excellent

agreement for predictions of all interactions explored (e.g., the
1469-keV 5§ — 4 or 928-keV 77 — 67 transitions), a very
good match with the prediction of at least one interaction [e.g.,
the 781-keV 3] — 2] (KB3G56), 790-keV 67 — 5] and
1052-keV 4§ — 4] (both GXPF1A), or 1221-keV 55 — 4
(JUN45) transitions]. On the other hand, there is hardly any
match because of either a wrong phase of one of the transition
matrix elements (e.g., the 454-keV ground-state transition or
the 994-keV 71 — 6 yrast transition) or an apparent large
sensitivity on the exact amount of a tiny B(M 1) strength (see
the 1046-keV 5] — 4] yrast transition). Ultimately, all these
aspects can be related to uncertainties of the underlying upper-
fp shell two-body matrix elements, a modification of which
may lead to small changes in energy but possibly significant
alterations of the electromagnetic decay pattern.

3. The yrast line of *Ga

The T = 1, T. = —1 isotope *°Ga is the neutron-deficient
mirror nucleus of 7, = +1 “Cu, and °Ga is situated at the
proton dripline. Based on decay experiments [20,52-54] and
more recent mass measurements [55-57], Ref. [58] suggests
a weakly bound 2+ ground state of *Ga with S, = 88(15)
keV and T;, = 69.4(2) ms. Furthermore, a y ray at 837 keV
observed in the B*/EC decay of ®°Ge has been tentatively
associated with a 1+ — 2% ground-state transition in ®Ga
[54].

The very low proton-separation energy implies that essen-
tially all excited states of ®*Ga are subject to proton emission,
i.e., decay energies, angular momenta, and spectroscopic
factors have to be weighed against electromagnetic decay
probabilities to assess whether the quasibound excited states
of %°Ga preferably decay by y-ray emission into lower-lying
states of ®*Ga, or by proton emission into states of *Zn [59].

The shell-model prediction of excited states along the
yrast line of ®*Ga is based on the observed states in *°Cu
(cf. Table I) and calculated mirror energy differences (MED)
between corresponding mirror states in ®*Ga and ®°Cu, respec-
tively, using the isospin-breaking terms introduced earlier (cf.
Sec. VA1 and the Supplemental Material of Ref. [7]). Fig-
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FIG. 12. Mirror-energy differences (MED) for the mass A = 59
pair *Zn-%Cu [panels (a) and (b)] and the mass A = 60 pair
0Ga-“Cu [panels (c) and (d)]. Experimental data (only available for

A =59, m = —) as well as predictions using different shell-model
interactions are shown for negative- and positive-parity states. Note
that, for A =59, m = +, as well as A = 60, m = — states, configu-

rations must engage at least one particle in the go/, intruder orbital.
See text for details.

ure 12, which complements Fig. 4 in Ref. [7], shows predicted
MED for the mass A =59, T, = £1/2, P7n-°Cu mirror
pair, and the mass A = 60, T, = £1, °°Ga - ®*Cu mirror pair.
Figure 13 shows the few experimentally known states in °°Zn
[59] together with predictions for the positive- and negative-
parity yrast lines of *Zn and *°Ga based on known states in
the mirror nuclei in conjunction with calculated MED. Note
that the states of the combined A = 60 system *Zn +p are
drawn relative to the ground state of *°Ga to allow for an
assessment of direct proton emission from excited states in
%Ga into states of >*Zn (see below).

Figure 12(a) includes the handful of known experimental
A =59 MED values. The agreement with the predictions
of all three shell-model interactions (GXPF1A, KB3G56,
JUN45) is remarkably good and comparable for these few
experimentally known negative-parity states. This is in line
with results for the 7, = 1/2, A =157 and A = 61 mirror
pairs discussed in Ref. [7]. For the A =59 positive-parity
states, predictions are displayed in Fig. 12(b). These states
can only be handled by the JUN45 interaction in the f5/2pgo/»
space. The alternating pattern of rather large MED values
can be traced primarily to rather variant neutron vs proton
89,2 excitations for signature o« = +1/2 and @ = —1/2 states,
respectively.

The picture becomes more complicated for the predicted
low-lying positive-parity states of the A = 60 mirror pair.
Their MED are displayed in Fig. 12(c). While for all three
interactions MED = 0 keV for the 2 and 3% states, JUN45
predicts a somewhat larger MED for the 1% state. More dras-
tically, the predictions of KB3G56 deviate significantly from
those of the other two interactions for the 4%, 5T, and 6T
states. First, this observation can be linked to the very different

8287 13*
7664 21/2—
— 7488 11+
6789 19/27
6500 19/2+
5845 15/2+ 5905 1712~ 5785 11—
5583 17/2% 5555 10—
5068 15/2~ B
— 4903 9
3474 13/2—
3104 9/2% 3090 7
2794 1112~ 2921—6~
2421 912~ {549 g+ 2004 O
1796 5%
1485 7/2~
59 982 52— 60
Zn+p ——— | 768 4+ Ga
551 112~ ¢ 490 3+
- +
88 32~ | ,119 1%,
JUN45 GXPF1A  expt GXPF1A  JUN45

FIG. 13. Predicted level scheme of ®°Ga (right) and observed
[59] and calculated levels of *Zn (left). Energies are normalized to
the ground state of “°Ga. Based on Ref. [58], S,(“°Ga) = 88 keV is
set. Shell-model interactions used are given underneath each column
of states. The predicted level energies are based on experimentally
known states in the mirror nuclei ®*Cu (cf. Table I) and ¥Cu [3] and
added calculated mirror energy differences (cf. Fig. 12). See text for
details.

predictions for branching ratios of these states (cf. Table II
and Sec. V A2). Second, a closer look at predicted occupa-
tion numbers reveals that the MED variations primarily arise
from different proton and neutron occupations of particles in
the p3;» (j =€+ 1/2) and f5/, (j = £ — 1/2) orbitals, which
can lead to largely different contributions of the Vi, term to
the predicted MED values. Measuring excited states in ®°Ga
would obviously help constrain interaction matrix elements in
the upper f p shell.

The predicted MED for negative-parity states in the A = 60
mirror pair are shown in Fig. 12(d). They are negative and
similarly large as for the positive-parity states in the mass
A =61, T, & 1/2 pair ®'Ga-°'Zn [7]. The main driver is the
Vis contribution because of a switch from v(gg/,) partitions
in states of ®°Cu and ®'Zn to 7 (gy/2) partitions in states of
60.61Ga. In support of this interpretation, calculated occupa-
tion numbers are close to 1.0 for the respective particle in the
go,2 orbital for the 57,67,77, 87,107, and 11~ states.
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The reduction in absolute size of MED for the 8~
and 10~ states relates primarily to changes in occupation
numbers of particles in the p3; and fs5,, orbitals. The sit-
uation is more complex in the case of the two close-lying
9~ states, in experiment for ®°Cu and in theory for both
A = 60 isotopes under investigation. Wave-function partitions
and occupation numbers show that the calculated yrast 97
state in ®°Cu should, in principle, be associated with the cal-
culated yrare 9, state in %Ga and vice versa. In that case,
MED(97) = E\ (9], Ga) — E (9, , Cu) = =335 keV, rather
than MED(9,) = E, (9], Ga) — E,(9], Cu) = —72 keV used
for Figs. 12 and 13. In this reversed scheme for %0Ga, which
is based on the observed yrast and yrare 9~ states in °*Cu, the
predicted energies for ®°Ga would be E((97) = 4661 keV and
E.(95) =5116 keV.

Another note concerns the reported 837-keV y ray from
the B+-decay study of ®*Ge, which has been associated with
an excited 17 state in ®°Ga [54]. For the JUN45 interaction,
summing the very large MED(1}) = +474 keV to the known
E.(1]) = 365 keV of “’Cu [20] leads to a predicted E, (1) =
839 keV for the yrare 15 state in ®0Ga, which is in perfect
agreement with the measured y-ray energy. However, it is
difficult to identify one specific source that explains the ex-
ceptionally large predicted MED for the yrare 1; states. First,
the wave functions of the involved states are reasonably sym-
metric in occupation numbers, and even though wave-function
partitions hardly exceed 10%, it is apparent that the yrast
1] states in both A = 60 isotopes are part of the 7 (p32) X
v(p32) multiplet, while the yrare 1 states have more a
7 (p1y2) x v(pi,2) character. The predicted branching ratio of
a 837-keV y-ray into the 2+ ground state of ®°Ga is 94%. The
derived lifetime of t(13) ~ 50 fs is very short, because of
a large B(M1, 1; -2 = 1.8M2N strength. The large elec-
tromagnetic decay strength also outweighs potential ¢ = 1
proton emission into the ground state of *°Zn (see below).

Tunneling estimates based on the semiclassical Wenzel-
Kramers-Brillouin (WKB) approach indicate proton-emission
times of around 1 ps for O, ~ 0.7, 1.0, and 1.2 MeV for
protons of £ =1, £ =3, and ¢ = 4, respectively, between
the states of ®°Ga and *°Zn. Because the experimental
A =59 MED are well described [see Fig. 12(a)] and
low-lying positive-parity states assessed with t = 6 GXPFIA
calculations are found to describe the states in °°Cu best (cf.
Sec. V A 2), spectroscopic factors between low-lying positive-
parity states in ®°Ga and low-lying negative-parity states in
»7n are investigated with that shell-model interaction.

The yrast 3% state in ®°Ga is predicted at E, ~ 0.5 MeV
(cf. Fig. 13). This implies Q, ~ 0.4 MeV and consequently
that this state decays by electromagnetic radiation into lower
lying 1+ and 27 states, similar to its mirror nucleus **Cu. With
0Op ~ 0.7 MeV and a calculated spectroscopic factor C?S ~
0.6, the yrast 4T state in ®°Ga might be subject to £ = 3,
f52 proton emission into the 3/2~ ground state of **Zn, in
competition with electromagnetic decay to lower-lying states
in ®“Ga. Admittedly, for Q, = 0.7 MeV T2 pe=3) ~ 200 ps.
However, the electromagnetic decay from the 4, state is also
hindered (71,2,,, =~ 100 ps), which can also be inferred from
the predicted lifetime of its 557-keV 4, mirror state in ®*Cu
(cf. Table II).

The energetic and spectroscopic situation is at first sight
comparable for the yrast 5* state in ®°Ga with 0, ~ 0.8 MeV
and C2S ~ 0.4 for fs /2 proton emission into the 5/27 state
of 3°Zn. Here, however, larger electromagnetic decay proba-
bilities favor y-ray emission—unless in turn Q, ~ 1.7 MeV
and, thus, Tj) pe—3 ~ | fs compensates for C2S~ 1073
f7,2 overlap with the 3/27 ground state of 7n. The same
applies to the yrast 67 state in ®°Ga: Whether proton or y-ray
emission dominates will heavily depend on exact energies and
overlap of the relevant parts of the wave functions of the states
involved.

Potential proton emission from the negative-parity yrast
states shown in Fig. 13 need to be addressed by calculations
based on the JUN45 interaction. Spectroscopic factors be-
tween states in reach by m(g9,2) emission are always large
(C*S > 0.5) and Op > 2 MeV for all these possible decay
branches. Thus, £ =4, gg,» proton emission is expected to
outplay electromagnetic decay by orders of magnitude for all
these states [5,7,8,10,13].

For the predicted 117 and 13* states of °Ga, ¢ = 4, 892
proton emission is even more in favor. Although the calcu-
lated spectroscopic factors are reduced by about a factor of
2 compared with those predicted for the negative-parity yrast
states, O, values are larger and y-ray emission is hindered
(cf. Table III). In addition, also Q, ~ 1.6 MeV, £ = 3 f5,, de-
cay branches become possible, allowing foran 117 — 17/2~
proton transition.

B. Cranked Nilsson-Strutinsky calculations

The rotational bands in ®*Cu have been analyzed in the
configuration-constrained Cranked Nilsson-Strutinsky (CNS)
formalism [60—62]. The configurations are described from the
filling of the orbitals (the eigenstates) in a deformed rotating
modified oscillator potential. It is important to consider con-
figurations that vary smoothly as functions of deformation and
rotational frequency. This is achieved by constructing diabatic
orbitals, where so-called virtual crossings between orbitals
are replaced by real crossings. A special feature is that the
diagonalization of the Hamiltonian is carried out in the basis
states of the rotating Harmonic-Oscillator potential, where the
principal quantum number N = N is treated as pure. This
is a minor approximation, which makes it straightforward to
put unique labels on the orbitals and thus on the different
configurations.

The CNS formalism has been very successful in the de-
scription of medium- and high-spin states in different regions
of nuclei; for example, in the present A &~ 60 region (see,
e.g., Refs. [10,17,63]), the A ~ 110 region [61,64,65], and the
A =~ 160 region [66—69]. Indeed, in that region, the model has
been used in the full spin range. Furthermore, recent applica-
tions [69-71] suggest that the model could be useful for the
understanding of the full spin range also in other regions of
the chart of nuclei.

The single-particle parameters « and p determine the
strengths of the £ - s and the £ terms and thus the position of
the j shells in the modified oscillator potential. In the A & 60
region, so-called “standard parameters” [60] have generally
been used. However, in Ref. [63] an attempt was made to
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TABLE V. Proton (vertical), neutron (horizontal), and combined configurations which are selected in the yrast region up to spin / = 24 for
0Cu. For the proton and neutron configurations, the maximum spin, I, for the different signatures is specified. The shorthand configuration
labels and the I, values are specified for the combined configurations. Furthermore, it is specified which observed band is assigned to the
different configurations. For new parameters, the energy of these configurations is drawn relative to the rotating liquid drop energy in Fig. 14.

Neutrons
(fp) (fP)8s Fn(FD’gs,  Fp(FpVes,  FiUPY&, 5PV 8,
4.5h,5.5h 8.5h 11.54-13.5h 14.5h, 15.5h 18.54, 19.5h 20.5h
fp)' [10;30] [10:21]
1.5h,2.5h 6h-8h NDI1 10h, 117 ND2
852 [01;21]
4.5h 137 ND3
Sip(fpP? [(1)20;30] [(1)20;21] [(1)20(1)31]
Protons 6.5h,7.5h 11#-13h D1 15k, 16h D2 187-21h Q1
Fin(fp)'gs, [(H11;21]
8.5A-10.51h 17h-19n D3
Fia Py, [(2)21;21] [(@21:(1D31]  [@21:(D22]  [(21:)32]  [(2)215(2)23]
14.5h 23 Q2 26h-28h 29h,30h Q4 33h,34h Q3 35h
(D)8 [(@)12:(1)22]
15.5h, 16.5h 30h-32h

find improved parameters specifically designed for this mass
region. These parameters are referred to as “new parameters.”
A specific feature of these new parameters is that the neutron
89,2 shell comes at a lower energy than the proton g9/, shell.
This is contrary to the general experience from heavier nuclei
(see, e.g., Ref. [72]), which would imply that the Coulomb
potential should push the proton high-j intruder shell, i.e.,
in A ~ 60 the g9/, shell for V' = 4, below the corresponding
neutron shell.

Different from the shell-model calculations discussed in
Sec. VA, CNS calculations can handle all orbitals relevant
for A ~ 60 nuclei; namely, those in the full A" = 3 fp shells
plus the N =4 g9 /2 intruder orbitals. Note that these shells
are not the pure j shells but instead the orbitals in a deformed
rotating potential whose wave functions are dominated by
specific j shells. The low-spin states of *°Cu are built with
all valence particles in the upper fp orbitals (cf. Sec. VA?2).
At higher spin and excitation energy, states are formed by
successive excitations from the f7,, orbitals and into the go/»
orbitals. The CNS configurations for protons and neutrons
are each labeled as (g1)q2q3, where g is the number of f7,,
holes. Note that g; will not be specified when equal to zero.
Furthermore, ¢, and g3 denote the number of particles in the
upper fp and go/, orbitals, respectively. For an odd number
of particles in a group, the signature can be specified by a
subscript + (¢ = +1/2) or a — (0 = —1/2) sign. The full
configuration is given within square brackets with proton and
neutron configurations separated by a semicolon. It is also
instructive to define the quantity I,,,x, which is the highest spin
that can be formed in a configuration if the j shells were pure.

In the present application to ®°Cu, calculations were per-
formed with standard parameters as well as new parameters.
First, the yrast configurations for the four different combina-
tions of parity and signature were searched in the spin range
I = 0-24. With minor differences, the same configurations

were selected from the two parameter sets. Two configura-
tions which appeared to be of no interest were, however,
excluded: One with two neutrons of upper fp character with
signature o = +1/2 instead of « = —1/2, and another with
four neutrons of upper fp character and no go,, neutron.
Instead, the [(1)20; (1)31] configuration was added because
it turned out to be the only configuration which can explain
the experimental Q1 band with a reasonable accuracy. The
selected configurations were complemented by their f7,, and
upper fp signature partners. For the orbitals at the bottom of
the gg,» shell, on the other hand, only the signature o« = +1/2
was included. It is well known, and also calculated here, that
this signature is strongly favored in energy. The resulting
configurations are listed in Table V. For the calculation with
new parameters, they are drawn relative to the rotating liquid
drop energy in Fig. 14.

Comparing the agreement between calculations and exper-
iment for standard parameters and new parameters, it was
concluded that the best agreement is obtained for the cal-
culations using the new parameters. Hence, the calculated
configurations using new parameters are compared with the
observed bands in Figs. 15 and 16 for the higher-spin and
lower-spin bands, respectively. For the higher-spin bands in
Fig. 15, itis in general obvious which band should be assigned
to which configuration. This is seen from the shape of the
E-E,4 curves, and in some cases also from the maximum
spin observed. In fact, these bands are typically observed at
exactly their expected In,x values. For example, the rather
high energies for y rays connecting the highest spin states of
the D2a and D3b bands are well reproduced in the calcula-
tions. Notably, the effect is caused by the high energy cost to
promote a proton from the low-lying f7/,, m = —7/2 state at
oblate shape. For the lower-spin bands presented in Fig. 16,
given the complexity of the decay scheme, compromises had
to be made to select experimental states based on both yrast
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<« [(N)11;21]
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o—o [(2)21;(1)3
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H

E - E ,(def) (MeV)

tt@\ CNS calculation, new parameters |
I I = U T R R
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FIG. 14. The energy of the yrast configurations, which are spec-
ified in Table V, is plotted relative to the deformation-dependent
rotating liquid drop reference, E;jq(def). The same color and symbol
are used for configurations differing by signature but having the same
distribution of particles over the j shells. Positive-parity states are
connected by full lines and negative-parity states by dashed lines.
Closed symbols are used for the signature o = +1/2 and open
symbols for « = —1/2. Terminating states calculated as oblate at
y = 60° are encircled. Horizontal and vertical dotted lines (black)
shall guide the eye.

character and regularity of structures (cf. indicative labels in
Fig. 11). Here, states at 62, 0, 781, 1421, 1604, 2692, 3191,
and 4074 keV are set to form the positive-parity structure ND1
in the spin range I = 1-8, while states at 2027, 2817, 3745,
4580, 5246, 6392, 7457, and 8920 are selected for structure
D1 covering I = 5-12. Furthermore, states at 3156, 3772,
4521, 5188, 5649, and 6094 keV form the negative-parity
structure ND2 (I = 6-11). For ND3, see Fig. 11.

It is experimentally uncertain if the lowest spin state of
the Q1 band has Iy = 12 or Iy = 13. Considering only the
observed states, the first guess would be Iy = 13, because for
Iy = 12, the band will lie at a rather high excitation energy,
and it might appear somewhat surprising that it is observed
in the first place. However, comparing with calculations, there
is no configuration which can naturally be assigned to the Q1
band with Iy = 13. As seen in Fig. 15, the Q1 band is well
described by the lowest calculated [(14)20;(14)34 1] con-
figuration in the case of Iy = 12. To further test the possibility
that the bandhead spin of Q1 might be Iy = 13, all proton
and all neutron configurations in Table V were combined to
see if there were any other reasonable assignments possible
assuming /p = 13. Note that when considering the different
signatures, there are 12 proton and 12 neutron configurations,
i.e., 144 combined configurations possible. The result is that
the best agreement is obtained for the lowest band of the other
signature of the same [(1)20; (1)31] configuration. However,
noting that the differences in the lower panel of Fig. 15 follow
the same trends for all bands assuming Iy = 12, the trend for

S 3 : T T T T ! T Iﬂ* T ! I60I T :
2 2F Q- ‘\\1 Cu =
T 1F =
S = p PO S :
Lyt 0 :_ ........... s .., ................ . 4_ < D2a - [(1_>20;21+]
W pgeementy L | < ooz
4T ) PRI <+—< D3a-[(14)1414214]

C \‘ N <+— D3b - [(1)14+14214]
S 3F : \ S el Q1 - [(14)20:(14)3414]
S F : agLv [P @2zt
= 2F : ;\ < < Q3-[(2)214(2)3:2]
8 F < : ‘\« - a Qda-[(2)214(1)22]
= 1 4\,‘ u‘\ O— o Q4b - [(2)2143(14)22]
W™ F CNS =
w 0 e 4‘.%

C new paramelters
. _1 C__1 1 1 1 1 1 1 1
> 1T ]
g - 3
S Qe T 3
"'-"c -1 -difference . -
LLI“" = 1 1 1 1 1 1 1 1 I 1 1 1 -

0 10 20

Spin /(h)

FIG. 15. The observed well-developed high-spin bands are
drawn in the upper panel relative to the rotating liquid drop reference,
with the calculated bands assigned to them drawn relative to the
same reference in the middle panel. Experiment and calculations are
compared in the lower panel, where the continuous line shows which
spin dependence of the differences might be expected considering
that pairing is not included in the calculations. New A ~ 60 CNS
parameters were used [63]. For symbols and line explanations, see
the caption of Fig. 14. The color code matches the one introduced in
Sec. III.

the Q1 band would deviate by about 1 MeV assuming [y = 13.
The conclusion is that Iy = 12 is by far the best theoretical
proposal for the Q1 band. In fact, this assignment supports the
experimental line of arguments in connection with the feeding
pattern shown in Fig. 10.

In the lower panels of Figs. 15 and 16, the differ-
ence between experiment and calculations is compared with
an exponential function, f(I) = —1.2 + 3.5exp (//10) MeV,
showing a suggested spin dependence of the difference, con-
sidering that pairing is neglected in the CNS calculations. It is
gratifying that the values in Fig. 15 are well collected around
this curve with discrepancies of only +(0.3-0.4) MeV. The
values for the lower spin bands in Fig. 16 are more scattered,
with discrepancies of the order +1.0 MeV. However, when
comparing experiment with calculations in Fig. 16, the shape
of the different curves is well reproduced even for these low-
spin states. This indicates that the cost within the bands to
build higher spin states (the transition energies) is reproduced
in the calculations.

In the calculations with standard parameters, the same con-
clusion is reached concerning the assignments for the different
bands. However, for the high-spin bands, the differences
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FIG. 16. Same as Fig. 15 but for the experimentally more irreg-
ular low-spin structures.

between experiment and theory are clearly more scattered.
This is illustrated in Fig. 17. The lower spin bands are
described with a similar accuracy, independent of which pa-
rameters are chosen.

At very high spin, I 2 22, for the calculated [(2)21; (2)32]
and [(2)21; (1)22] configurations, the E-Ey4 curves in Fig. 17
show some irregular pattern for signature « = —1/2. Consid-
ering the signature degeneracy in the observed Q4 band, it
has to be assigned to a configuration with one hole in the f7/,
orbitals for either protons or neutrons, i.e., a hole in the high-2
[404]7/2 Nilsson orbital. This is known to lead to signature
degeneracy for prolate and near-prolate shape. Therefore, the
Q4 band is assigned to the [(2)21; (1)22] configuration with
one neutron hole in the highest f7,, orbital. In the calculations
with new parameters, Fig. 15, this signature degeneracy is
seen for all spin values plotted in the figure, while it is not the
case in the calculations with standard parameters in Fig. 17.
The configuration assigned to the Q3 and Q4 bands differ by
one neutron, which either occupies the highest f;,, orbital or
the second lowest fp orbitals. Thus, the uneven feature of
the curves with standard parameters points to a difficulty in
distinguishing between these two orbitals. This is discussed
in greater detail in Ref. [17].

In Refs. [3,17] it was shown that the general features of the
rotational bands are mainly affected by the total number of
f7,2 holes and go/, particles. Thus, it is relevant to classify
the configurations assigned to the observed bands in *°Cu
according to these numbers. This is presented in Fig. 18. One
can note that the ND2 structure, and even more the ND3 struc-
ture, have strongly down-sloping E — Eyjq curves considering
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g P : N ]
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FIG. 17. Same as Fig. 15 but with calculations using standard
parameters. The smooth curve suggesting the spin dependence of the
average pairing energy is lifted by 0.4 MeV compared with the curve
in Figs. 15 and 16.
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FIG. 18. The observed rotational bands in ®Cu are classified ac-
cording to the total number of f7,, holes (vertical direction) and go,»
particles (horizontal). Arrows indicate how the excitations defined in
the inset lead to more and more excited configurations with a higher
spin content.
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that they have no f7,, holes but one or two go/» particles,
respectively. The curve for the D3a band is also down-sloping
in its full spin range with only one f7/, hole and two go/,
particles. Other bands like D1, D2, Q1, and Q2, however, have
relatively more f7,, holes leading to upsloping E-Ejq curves
when approaching termination.

VI. SUMMARY

A comprehensive and significantly extended high-spin
level scheme of **Cu has been derived with data stemming
from three similar experiments, which all have exploited the
Gammasphere y-ray spectrometer coupled to ancillary
detectors for measuring evaporated light particles.
Reaction-channel selectivity as well as high statistics are
the cornerstones of the experimental work. This allowed
the derivation of a level scheme of ®°Cu comprising more
than 300 y-ray transitions connecting more than 100 excited
states reaching spin / = 22% near 20 MeV excitation energy.
Like neighboring nuclei, the structure evolves from irregular
energy sequences via regular dipole bands into increasingly
collective rotational bands featuring cascades of stretched E2
transitions.

These rotational bands have been interpreted with CNS cal-
culations using standard single-particle parameters as well as
arevised set of new parameters, which were specifically fitted
to the A = 60 region [63]. The same configuration assign-
ments result from either of the predictions, but the high-spin
rotational bands are better described using the new param-
eters. Indeed, this description is exceptionally good, giving
extra credibility to the work of Ref. [63].

The low-lying part of the level scheme of ®Cu has been
investigated with shell-model calculations using several
model spaces and interactions commonly considered in
the A =060 region. The yrast and near yrast states are
reasonably well explained, and the interpretation is in line
with the classification of structures as suggested by the
CNS model. In particular, the terminating 13" state of ND3,
associated with the [01;21] CNS configuration, finds its
shell-model counterpart in a combination of fully aligned
[ (gos2) X v(goy2)]g X v(f p)ﬁ partitions, which are strongly
favored energetically both in experiment and theoretical
models. However, observed and predicted branching ratios do
show occasional significant deviations between experiment

and a given calculation, but also between calculations relying
on different shell-model interactions. Additional observations
of spectroscopic properties and lifetime measurements for
"key” excited states may help to refine some shell-model
parameters, including the two-body matrix elements of
combinations of particles in the upper fp shell.

A case study of excited states in ®*Ga has been presented
based on the decay scheme of its 7 = 1 mirror nucleus ®*Cu in
combination with calculated mirror energy differences. Two
major conclusions can be drawn from this exercise: First,
all quasibound states beyond 2.5 MeV excitation energy in
%0Ga are likely to (almost) exclusively decay by 89,2 proton
emission into known or predicted states of negative or positive
parity in the residual nucleus *°Zn. For the 4T, 57, and 6™
yrast states, one can expect competition with electromagnetic
decay. Only the 11 and 3" yrast and possibly the yrare 15
and 27 states appear robust against proton emission. Any
experimental attempt to study low- to medium-spin states
in ®*Ga must be sensitive to in-beam proton-y coincidence
relationships [7].
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