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Abstract. High-spin states in ®**Cu were populated using the fusion-evaporation reaction 28Si + 4°Ca at a
beam energy of 122 MeV. The Gammasphere Ge-detector array in conjunction with the 47 charged-particle
detector array Microball allowed for the detection of «-rays in coincidence with evaporated light particles.
The resulting extensive high-spin decay scheme of °°Cu is presented, which comprises more than 320 y-ray
transitions connecting about 150 excited states. Their spins and parities have been assigned via directional
correlations of y-rays emitted from oriented states. Average quadrupole moments of rotational bands have
been determined from the analysis of residual Doppler shifts. Shell model calculations in the fp shell are
invoked to study some of the low-spin states, while the experimental characteristics of the rotational bands
are analyzed in the configuration-dependent cranked Nilsson-Strutinsky (CNS) approach.

PACS. 21.60.Cs Shell model — 23.20.Lv Gamma transitions and level energies — 23.20.En Angular distri-
bution and correlation measurements — 27.50.4+e¢ 59 < A < 89

1 Introduction

In recent years the study of nuclei in the vicinity of *°Ni
has revealed many exciting nuclear-structure phenomena.
°6Ni has an equal number of protons and neutrons (N =
Z = 28). It isregarded as a doubly magic spherical nucleus
at low spin and excitation energies due to the shell gap at
particle number 28, which separates the 1f;/5 shell from
the 2p3/2, 1f5/2 and 2p; /o shells in the upper fp shell.
Hence, °°Ni is the natural core for shell model calculations
in the mass A = 60 region.

An interesting feature in the A ~ 60 region is the oc-
currence of deformed and superdeformed bands at rela-
tively moderate spins (I ~ 10 %) and excitation energies
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(E, ~ 10 MeV). Following the first discovery of a superde-
formed band in %2Zn [1], well- and superdeformed bands
were observed in the N = Z nuclei °Ni [2], ®*Cu [3], and
60Zn [4], as well as in the N = Z + 1 nuclei ®*Cu [5] and
617Zn [6]. The configurations of the yrast bands have the
leading component f;/é ® (fp)* @ %4/556’ where A — 56
is the number of nucleons in excess of °Ni. The compar-
ison of several collective bands led to the conclusion that
their quadrupole deformations scale with the number of
go/2 Particles involved in the configuration.

In contrast to other mass regions, where states in the
second minimum of the nuclear potential have been iden-
tified, almost all rotational bands in the mass A = 60 re-
gion could be connected with the normal deformed, mostly
spherical states in the first minimum of the nuclear po-
tential. The “doubly magic” superdeformed band in 5°Zn
has been linked through stretched E2 transitions, which
allowed the firm assignment of the spin and parity of the
band [4]. Recently, two superdeformed bands have been
firmly linked to the spherical states in 5°Cu, and their
band-head spins and parities established to 25/27 and
23/27, respectively [5,7].
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Fig. 1. Proposed high-spin level scheme of **Cu. Due to the complexity of the level scheme, spins, parities, and energies of the
excited states are missing except for the ground state and the topmost levels in each band. The structures are labelled with

numbers from 1 to 10. Detailed decay schemes of each structure are presented in sect. 3.
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Moreover, the fact that many of the bands relate to
N = Z nuclei provides the opportunity to investigate pos-
sible effects of isoscalar pair correlations on the rotational
behaviour [5,6]. Band termination in normally deformed
rotational bands has also been successfully investigated in
the mass A =~ 60 region. A textbook example is provided
by 2Zn [8]. Even some of the superdeformed bands have

been followed almost up to the point of termination.
For example, in °?Cu the spin of the last observed state
in the yrast superdeformed band is I™ = (57/2%), which
is only 4h or two E2 transitions away from the maximum
spin, Inmax = 65/2h, which can be created from the seven
valence particles and four holes involved in the band con-
figuration [5].

The observation of prompt discrete proton and a-part-
icle decay from superdeformed bands into spherical states
of the daughter nuclei denotes the most exciting and sur-
prising result discovered in the A ~ 60 region. The new
decay mode has first been seen in *®Cu [3], followed by a
similar observation in °°Ni [2], and by two prompt proton
decays from bands in *Cu [7]. In fact, a recent dedicated
experiment at Gammasphere has revealed five prompt
proton decays from well- and superdeformed bands in
%Cu [9]. Prompt a-particle decay has been identified in
8Ni [10].

The present paper may be viewed as a “complete”
high-spin spectroscopic study of °?Cu, in which all of the
afore mentioned phenomena are comprised. The following
section briefly describes the experiment and applied anal-
ysis techniques. In sect. 3 the extensive level scheme is
going to be discussed in some detail. Section 4 provides
an interpretation of the low-lying negative-parity states in
the framework of the spherical shell model and an analysis
of the rotational structures in the configuration-dependent
cranked Nilsson-Strutinsky (CNS) approach.

2 Experimental procedure and analysis

The experiment was performed at the Argonne National
Laboratory. The heavy-ion fusion-evaporation reaction
28Gi 4 49Ca was used at a beam energy of 122 MeV. High-
spin states in the residual nucleus **Cu were populated
via the evaporation of two a-particles and one proton
(2a1p channel) from the compound nucleus %®Se. An ex-
perimental relative cross-section of o, ~ 6% can be es-
timated. The 0.5 mg/cm? thin %°Ca target was enriched
to 99.975%. It was sandwiched between two thin layers
of Au to prevent oxidation. The experimental set-up con-
sisted of the Gammasphere array [11], at that time com-
prising 101 Ge-detectors. The array was operated in com-
bination with the 47 charged-particle detector array Mi-
croball [12]. The heavimet collimators were removed from
the Gammasphere detectors to provide y-ray multiplicity
and sum energy measurements [13] as well as additional
selectivity by total energy conservation requirements (T E-
gating) [14]. The event trigger required the detection of
at least four Compton-suppressed ~-rays. The charged
particles were detected and identified in the Microball
using pulse-shape discrimination techniques [12]. Based
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on the charged-particle energies and directions detected
in Microball, the momenta of the recoiling residual nu-
clei can be determined for each event. This allowed for a
more accurate Doppler-shift correction of the ~-ray ener-
gies, leading to a significantly improved energy resolution.
The events were sorted off-line into various E, projec-
tions, F,-E, matrices, and E,-E,-E, cubes subject to
appropriate evaporated-particle conditions. Their exami-
nation employed the Radware software package [15] and
the spectrum-analysis code Tv [16].

The main result of the present charged-particle- and
T FE-gated yv- and ~vyy-coincidence analysis is the rich
high-spin excitation scheme of ?°Cu, which is shown
schematically in fig. 1. It is based on coincidence rela-
tions, intensity balances, and summed energy relations.
Contaminations from higher fold charged-particle chan-
nels, in particular from the 2a2p channel corresponding
to ®®Ni, can be easily eliminated by careful subtraction of,
for example, 2a2p-gated spectra from the corresponding
2alp-gated spectra. Ten different structures are labelled
in fig. 1, which will be discussed one by one in the next sec-
tion. The level energies, the corresponding depopulating
~-rays, their relative intensities, their angular-correlation
ratios, and resulting spin-parity assignments are summa-
rized in table 1.

The assignment of the multipolarities to y-ray tran-
sitions is based on their directional correlations (DCO-
ratios) following the emission from oriented states. The
Ge-detectors in Gammasphere were grouped into three
“pseudo”-rings labelled “30°” (25 detectors at 31.7°,
37.4°, 142.6°, 148.3°, and 162.7°), “53°” (30 detectors at
50.1°, 58.3°, 121.7° and 129.9°) and “83°” (28 detectors at
79.2°, 80.7°, 90.0°, 99.3°, and 100.8°), respectively. This
procedure was found to provide a good compromise be-
tween statistics and significance.

For example, the DCO-ratios Rpco(30-83) are defined
as [18]

I(y; at 30°; gated with v at 83°)
I(71 at 83°; gated with~, at 30°)’

Rpco(30-83) = (1)

where the intensities I were extracted from a 2alp-
and TE-gated -y matrix with y-rays detected at 30°
sorted on one axis and 83° on the other axis of the
matrix. The DCO-ratios Rpco(30-53) and Rpco(53-83)
are defined and determined accordingly. The DCO-ratios
Rpco(30-83), which could be deduced for most of the ~-
ray transitions in the level scheme, are summarized in ta-
ble 1. They were obtained by gating on known stretched
E?2 transitions. For stretched AI = 2 transitions Rpco =
1.0 is expected, while pure stretched AI = 1 transi-
tions should reveal Rpco ~ 0.6. Deviations from the lat-
ter may arise from quadrupole admixtures, i.e., non-zero
0(E2/M1) mixing ratios (M2 admixtures into E'1 dipoles
are considered unlikely). Non-stretched AI = 0 transi-
tions typically result in Rpco =~ 1.0, but this value also
depends on the multipole mixing ratio.

The investigation of three DCO-ratios for a given tran-
sition allowed for an evaluation of §(E2/M1) mixing ra-
tios for many of the AI = 0 and stretched Al = 1
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Table 1. The energies of excited states in **Cu, the transition energies and relative intensities of the ~-rays placed in the
level scheme, angular-correlation ratios, and the spins and parities of the initial and final states of the y-rays. The last column
indicates into which structure (cf. fig. 1) the states are grouped.

E;C E,y Irel R30-83 Mult. I;r Ifﬂ- Structure
(keV) (keV) (%) ass. (h) (h) no.
491(1) 491.3(3) 0.7(2) E2/M1 1/2~ 3/2° 1
914(1) 422.6(4) 0.7(2) E2 5/27 1/27 1
913.5(2)  100(3) 0.44(4) E2/M1 5/27 3/27 1
1398(1)  484.3(1)  13.1(4) 0.50(8)  E2/M1 7/2” 5/27 1
1398.4(3)  80(2)  0.95(7) E2 7/2” 3/2” 1
1864(1)  465.8(1) 36(1)  0.94(7) AI=0 7/2” 7/2° 1
950.5(2) 61(2) 0.65(5) E2/M1 7/2” 5/2~ 1
1864.2(4)  31(1)  1.06(9) E2 7/2” 3/2° 1
2389(1)  990.8(2) 4.0(3) 048(4) E2/M1 9/2~ 7/2” 1
1476.4(3)  34(1)  0.95(5) E2 9/2~ 5/27 1
2586(1)  1187.5(3)  31(2)  0.97(8) E2 1/2= 7/27 1
2663(1)  196.3(2) 1.6(4) AT =0 9/2” 9/2” 1
798.5(2) 76(2)  0.90(5) E2/M1 9/2” 7/2” 1
1264.4(3)  5.4(4) 1.29(12) E2/M1 9/2” 7/2° 1
3041(1)  455.4(1) 0.4(1)  0.73(9) E1l 9/2t  11/27 2
1177.5(2)  8.5(4)  0.59(4) E1l 9/2% 7/2” 2
1643.5(3)  22(1)  0.58(3) E1l 9/2% 7/2” 2
3328(1)  664.5(2) 54(2)  0.76(4)  E2/M1  11/2  9/27 1
741.7(2)*  14(1)  1.00(9) AI =0 11/2=  11/27 1
938.9(4)>"  2.0(3) 048(13) E2/M1  11/2=  9/2~ 1
1464.4(4)  26(1)  1.06(6) E2 /2= 7/27 1
1930.3(4)  7.2(4)  0.94(6) E2 /2= 7/2° 1
3445(1)  860.1(2) 4.0(5) 0.25(4) E2/M1  13/27  11/2 1
1056.3(3)  21(1)  1.07(9) E2 13/2=  9/2° 1
4099(1)  653.5(1)¢  6.3(7)  0.95(6) Al =0 13/27  13/2 1
770.7(2) 64(2)  0.78(4) E2/M1  13/27  11/2° 1
1435.7(3)  32(3)  1.02(6) E2 13/2=  9/2° 1
1513.0(4)  2.7(4) E2/M1  13/27 11/2° 1
1709.6(5)¢  1.4(3) E2 13/2= 9/2° 1
4526(1)  1198.2(2)  2.3(3)  0.65(14) E1l 13/2%  11/2° 1
1485.5(3)  20(1)  0.95(6) E2 13/2%  9/2% 1
1941.2(4)  1.6(4)  0.40(16) E1l 13/2%  11/27 1
4902(1)  802.7(2) 43(1)  0.82(6) E2/M1  15/2  13/2~ 1
1457.3(3)*  5.4(4) 0.38(3) E2/M1  15/27  13/2~ 1
1574.3(3)  37(2)  1.15(7) E2 15/27  11/2 1
2315.5(6)°  7.0(8)  1.08(11) E2 15/2=  11/2~ 1
5425(1)  523.0(1) 9.0(3) E1l 17/2%  15/27 2
898.7(2) 22(1)  1.04(6) E2 17/2%  13/27F 2
5720(1)  818.1(2) 31(1)  0.74(4)  E2/M1  17/2°  15/2° 1
1621.6(3)  40(2)  1.07(7) E2 17/27  13/27 1
2275.8(5)¢  7.0(5)  1.25(9) E2 17/27  13/2 1
6048(2)  1145.5(2)  10.4(6) 0.92(6) E2/M1  17/2=  15/27 10
1949.1(4)  9.7(5)  0.98(7) E2 17/2=  13/2° 10
2605(1) 2.2(4)  0.97(11) E2 17/2=  13/2° 10
6173(2) 2074.2(4)*  5.0(5)  0.57(9) E1l 15/2%  13/2° 3
6609(2)  888.1(2)  16.0(5) 0.75(5) E2/M1  19/2=  17/2 1
1707.4(3)  23(1)  1.12(7) E2 19/2= 15/2 1
6689(2)  515.4(2) 1.9(3) E2/M1 1772 15/2% 3
1263.4(3)  2.1(3) 0.86(14) AI=0 17/2%  17/27F 3
1788.1(4)  12(1)  0.53(5) E1 17/2%  15/2 3
6748(2)  1322.9(4)  1.8(3) 1.33(33) (AI=0) (17/27) 17/2* 5
6795(2) 1370.1(3)  9.5(6)  0.60(4) E2/M1 19/2F  17/2* 1
6920(3)  3475(3) 0.9(1)  0.90(18) (E2) (17/27) 13/2~ 1
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Table 1. Continued.

E, E, Iial R30-83 Mult. Ir 7 Structure
(keV) (keV) (%) ass. (h) (k) no.
7051(2) 1003.1(2)* 8.3(6) 1.32(7) E2/M1  19/2~ 17/27 10
1331.2(3)  1.9(3) 0.49(11) E2/M1  19/2~ 17/27 10
2149.6(4)  1.7(3)  1.03(21) E2 19/2° 15/2~ 10
7073(4)  2547(1) 0.8(2)  1.19(17) E2 17/27F 13/2% 5
7351(2)  555.3(2) 0.7(2) 099(14) AI=0 19/2% 19/2% 3
662.2(2)¢  7.0(8) 0.65(4) E2/M1 19/2% 17/2* 3
1177.9(3)  1.0(3)  0.89(14) E2 19/27F 15/2% 3
1630.7(3)  10(1)  0.56(4) E1l 19/2% 17/2° 3
1925.8(7)  2.0(3) 0.48(8) E2/M1 19/2% 17/2% 3
7443(2)  833.7(2) 15(1)  0.78(5)  E2/M1  21/2 19/2~ 1
1723.3(3)  20(1)  0.94(5) E2 21/2° 17/27 1
7541(3)  2116(2) 0.3(1) 17/2% 5
7615(4)  1894(1)¢  2.3(5) E2 21/27 17/2 1
7707(3) 2281.1(5)¢  2.4(8) 0.85(15) E2/M1 19/2% 17/2* 5
7792(2)  1043(1)°  0.2(1) (Ar=0) 17/2t  (17/2% 4
2071(1) 0.7(3) Al =0 17/2% 17/2° 4
2890(1) 1.9(5)  0.62(8) E1 17/2% 15/27 4
3266(2) 0.2(1) E2 17/27F 13/2% 4
7825(2)  1077(1)° <0.1 (Ar=0) 17/2t  (17/2% 4
2105(1) 0.5(2) Al =0 17/2t 17/2- 4
2400(1) 0.4(1) Al =0 17/2% 17/2% 4
2923(1) 1.8(2)  0.47(14) E1 17/2% 15/2 4
3298(2) 0.3(1) E2 17/27F 13/2* 4
8112(3)  1060(1) 2.0(5) 0.83(6)° E2/M1  21/2 19/2~ 10
2064(1)°  6.9(5)  1.03(7) E2 21/2° 17/2- 10
8114(2)  762.9(2) 12(1)  o0.61(6) E2/M1  21/2% 19/2% 3
1426.0(3)  8.0(8)  0.90(11) E2 21/2% 17/2% 3
1505.5(3)  5.0(2)  0.47(6) E1l 21/2% 19/2° 3
2688(1)°  1.6(3) E2 21/2% 17/2* 3
8153(2)  327.9(1) 6.3(2) 0.65(11) E2/M1 19/2% 17/2% 4
360.9(1) 4.8(2) 0.61(10) E2/M1 19/2% 17/2% 4
1101.1(4)*  0.5(2) AT =0 19/27F 19/2~ 4
2432.8(6)  5.1(4)  0.46(6) F1 19/27F 17/2 4
2728(1) 1.3(2) 1.20(13) E2/M1 19/2% 17/2* 4
8511(3)  1591(1)°  0.4(2) 1.00(12) (E2) (21/27) (17/27 1
8656(5)  3230(2) 2.4(3) 1.07(12) E2 21/2% 17/2% 5
8727(2)  574.1(1)  17.3(5) 0.71(7)  E2/M1 21/2% 19/2% 4
2118.7(7)  2.1(5)  0.55(15) E1 21/2% 19/2° 4
3302(1) 2.1(2)  1.10(19) E2 21/2% 17/2% 4
8812(2) 1368.7(3)  9.0(5) 0.78(9) E2/M1  23/2 21/27 1
2204.0(4)  4.5(4)  0.92(8) E2 23/27 19/2~ 1
8851(3) 2055.5(4)*  1.9(5)  0.65(26) E1l 21/2° 19/2% 8
8942(2)  827.4(2) 10(1)  0.75(5)  E2/M1  23/2% 21/2* 3
1499.1(10)  8.0(2)  0.63(6) E1l 23/2% 21/2° 3
1591.1(3)  10(1)  1.01(8) E2 23/2% 19/2% 3
2147(1) 0.6(2) 0.82(11) E2 23/2% 19/2% 3
9173(3)  1061(1)¢  1.5(5) 0.83(6)° FE2/M1  23/2 21/2° 10
1730(1)>°  1.4(3) 0.80(13) E2/M1  23/2 21/2° 10
2121.4(8 5.009) 1.27(14) E2 23/2 19/27 10
9173(5)  3748(2 0.6(1)  1.07(15) E2 21/2% 17/2* 5
9292(8)  3867(2) 0.6(2) 0.87(13) E2 21/2% 17/2% 5
9332(2) 1888.5(4)°  5.0(5) ¢ E2/M1 23/27 21/2° 8
2724(1) 0.9(2) E2 23/2° 19/2° 8
9431(4)  1725(1)¢  0.4(1) 0.77(18) E2/M1  21/2% 19/2% 5
2636(1) 1.5(3) 0.63(11) E2/M1  21/2% 19/2% 5
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Table 1. Continued.

E, E, Iial R30-83 Mult. Ir I Structure
(keV) (keV) (%) ass. (h) (h) no.
9455(2)  727.5(1)°¢  13(1)  0.81(5) E2/M1 23/2% 21/2% 4
1302.1(3)¢  4.0(5)  1.31(16) E2 23/2% 19/2% 4
9624(6) 4200(3)  0.3(1) 21/2% 17/2* 5
9671(2)  729.4(1)¢  11(1)  0.80(7) FE2/M1  25/27F 23/2% 3
1557.1(3)  9(1) 0.99(7) E2 25/2% 21/2% 3
9922(5) 4498(3)  0.3(1) E2 21/2% 17/2* 5
10119(3)  2410(2)  0.2(1) E2/M1 21/2% 19/2% 5
3323(2)  0.2(1) E2/M1 21/2% 19/2% 5
3512(2)  0.2(1) E1l 21/2% 19/2° 5
10141(2) 517(1) <0.1 21/2% 21/2* 5
2433(1)  0.3(1)  0.38(6) E2/M1 21/2% 19/2% 5
2791(2) < 0.1 E2/M1 21/27F 19/2% 5
3069(1)  0.3(1) E2 21/2% 17/2% 5
4716(2)  0.8(2) 0.95(13) E2 21/2% 17/2* 5
10224(9)  3615(3)  0.4(1) E1l 21/2% 19/2° 5
10276(2)  819.8(2)° 6.6(4)  0.73(6) E2/M1 25/2% 23/2% 4
1548.8(4)  5.0(7)  1.18(27) E2 25/2% 21/2% 4
10361(5)  3611(3 <0.1 (E2) 21/2t  (17/27F 5
3753(2)°  0.8(5) c E1 21/2% 19/2° 5
4937(4)  0.3(1)  0.93(23) E2 21/2% 17/2% 5
10370(3)  1197.8(6) 0.7(1) 0.61(24)° E2/M1  25/2 23/27 10
2259(1)  4.0(9) 1.01(18) E2 25/27 21/27 10
2928(1)  0.8(3) 1.01(31) E2 25/27 21/2° 10
10379(4)  3586(3)  0.3(1) E2/M1 21/2% 19/2% 5
3770(2)  0.5(2) E1l 21/2% 19/2° 5
10603(2)  932.1(2)  14(1)  0.89(6) E2/M1 27/27 25/2+ 3
1662.0(3) 8.0(6)  1.02(7) E2 27/2% 23/2% 3
10656(4)  4047(4)  0.4(1) 21/2° 19/2° 8
10677(5)  3234(2)  0.3(1) 1.02(15) AI=0 21/27 21/2° 8
4072(4)  <0.1 E2/M1  21/2° 19/27 8
4629(3)  0.2(1) E2 21/27 17/27 8
4957(4)  0.2(1)  1.09(45) E2 21/27 17/2 8
10822(3)  2010.4(4) 2.0(7) 1.16(26) (E2/M1) (25/27) 23/2 8
10865(4)  3422(3)  1.0(3) 0.61(12)  E2/M1  23/2° 21/2° 1
11121(3)  3007(2)  2.0(3)  0.57(6) E1l 23/2° 21/2* 8
3505(2)  0.5(1) 0.39(14)  E2/M1  23/2 21/2° 8
3678(2)  1.7(2)  0.19(5) E2/M1  23/2° 21/2° 8
11211(2)  935.0(2)°  4.1(3) e E2/M1 27/2% 25/2+ 4
1756.3(3)  5.4(3)  1.14(11) E2 27/2% 23/2% 4
11215(4)  3101(2) < O0.1 (E2/M1) (23/27) 21/2% 5
4420(3) <0.1 (E2) (23/2%)  19/27 5
11248(4)  3805(3)  0.9(2) 0.62(16) AI=1 23/2 21/2° 1
11369(3)  3926(3)  0.9(5) 0.85(21) E2 25/27 21/2° 1
11660(4)  1290(1)°  0.4(3) E2/M1  27/2° 25/27 10
2328(1)  0.8(3)  1.24(18) E2 27/27 23/27 10
2486(1)  1.1(5)  1.00(23) E2 27/27 23/27 10
11719(3)  598.8(1)  4.0(3)  0.47(4) E2/M1  25/27 23/27 8
1042.4(9)  1.4(2)  1.11(22) E2 25/27 21/2° 8
1064(2)  0.2(1) 25/27 21/27 8
2870(1)  0.8(2)  1.04(22) E2 25/2° 21/2° 8
3607(3)°  0.3(1) 25/27 21/2° 8
4277(3)  2.0(2)  0.94(11) E2 25/27 21/27 8
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Table 1. Continued.

E, E, Lol R30-83 Mult. I I Structure
(keV) (keV) (%) ass. (h) (h) no.
11838(3)  1614(1)  0.8(2) 1.30(15) E2 25/2%  21/2% 5
1696(2)  0.5(1) E2 25/2%  21/27F 5
1718(1)¢  0.5(1) E2 25/2%  21/2% 5
1916(1)  0.6(1) E2 25/2%  21/2% 5
2506(1)  0.4(1) 0.73(21) E1 25/27  23/27 5
2665(2)° < 0.1 E2 25/2T  21/2% 5
2896(2)  0.8(2) 0.48(19) E2/M1  25/2F  23/2% 5
11917(3) 703(1) 0.2(1) (E2/M1) 25/2%  (23/2%) 5
1538(1)  1.1(2) E2 25/2%  21/2% 5
1556(1)°  3.1(3) 1.25(10) E2 25/2%  21/2% 5
1776(1)  2.3(1)  0.92(25) E2 25/2t  21/2% 5
1800(1)  0.5(1) E2 25/2t  21/2% 5
1996(2)  0.3(1) E2 25/2%  21/27 5
2462(1)  2.4(4) 0.69(8)  E2/M1  25/2%  23/2% 5
2583(2)  1.4(4)  0.50(5) E1l 25/2%  23/27 5
2626(2)  0.2(1) E2 25/2%  21/27 5
2744(2)  0.4(1) E2 25/2%  21/2% 5
3104(2)  0.8(2)  0.40(9) FE1 25/2%  23/27 5
3192(2)  0.2(1) E2 25/2%  21/2% 5
3261(2)  1.0(3) 0.87(15) E2 25/2%  21/2% 5
3802(2)  0.8(3) E2 25/2t  21/2% 5
11936(3)  2998(2) E1 25/27  23/2% 7
3425(3) < 0.1 E2 25/27  (21/27) 7
11982(4)  4931(2) <O0.1 E2 23/27  19/27 6
12039(3)  1763(1)  0.4(2) Al =0 25/2t  25/27 5
2584(1)  1.0(3) 0.76(10) E2/M1  25/2%  23/2% 5
2608(1)  0.5(3) E2 25/2%  21/2% 5
3097(2)  0.2(1) E2/M1  25/2%  23/2% 5
3311(2)  0.2(1) E2 25/2t  21/2% 5
3383(2)°  <o0.1 E2 25/2T  21/2% 5
3922(2)  1.4(3) 1.11(10) E2 25/2%  21/2% 5
12111(5)  3299(2)  1.2(1) 1.28(32) E2 27/27  23/27 7
12243(3)  1864(1)  0.3(1) 1.05(29) E2 25/2%  21/2% 5
3431(2)  0.4(1) 0.64(12) F1 25/2%  23/27 5
12247(2) 1035.0(3) 1.9(3) 0.59(6)  E2/M1  29/2%  27/2% 4
1971.7(4)  4.1(5)  0.93(8) E2 29/2t  25/2% 4
12374(3)  654.0(1) 4.0(5) 0.50(4) E2/M1 27/27 25/2 8
1253.6(3) 2.9(5) 1.08(11) E2 27/27  23/2° 8
1552(1)  0.4(1) € 27/27  (25/27) 8
3042(2)  1.2(3) 1.01(15) E2 27/27  23/27 8
3202(3)  1.1(6) 1.27(21) E2 27/27  23/27 8
3561(2)  2.0(5) 1.00(16) E2 27/27  23/27 8
12419(2) 1815.6(4) 3.2(4) 0.88(10) E2/M1  29/2T  27/2% 3
2748(1)  2.0(1) E2 29/2t  25/2% 3
12552(2)  615.8(1)  0.4(2) E2/M1  27/27  25/27 7
2277(2)  1.0(3)  0.53(9) E1l 27/2-  25/2% 7
2883(2)° 0.8(3) 0.75(20) E1l 27/2=  25/2% 7
3743(3) < 0.1 E2 27/27  23/27 7
12808(2) 2204.5(4) 6.8(5) 0.55(4) AI=1 29/2  27/2% 3
13104(3)  730.0(1) 4.0(4) 0.51(4) E2/M1  29/2=  27/2 8
1385.1(9)  4.0(1)  1.13(9) E2 29/27  25/27 8
2501(1)  1.3(2)  0.39(9) FE1 29/27  27/2% 8
13127(5)  1145(1)  1.2(2) 1.23(19) E2 27/27  23/27 6
4313(2)  1.4(2) 0.97(11) E2 27/27  23/27 6
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Table 1. Continued.

E, E, Iia R30-83 Mult. 7 I Structure
(keV) (keV) (%) ass. (h) (k) no.
13194(2)  641.4(1)  1.5(3) 1.06(12) FE2/M1  29/2~ 27/27 7
1083(1)  0.3(1) 0.75(10) E2/M1  29/2~ 27/27 7
1257.9(3)  0.6(3) 1.24(18) E2 29/2~ 25/27 7
1476(1)¢  0.4(1) e E2 29/27 25/27 7
1824(1) <0.1 E2 29/27 25/27 7
1981.1(4)  1.1(3) E1 29/27 27/2% 7
2372(1)  0.4(1) E2 29/27 25/27 7
2591(1)  3.0(4) 0.55(4) E1l 29/2° 27/2% 7
2824(2)  0.8(3) 0.91(26) E2 29/2~ 25/2+ 7
13351(4)  1108(1)  1.1(1) 0.89(12) E2 29/2+ 25/2% 5
1313(1)  4.9(3) 1.03(7) E2 29/2+ 25/2% 5
1434(1) 17(1)  1.07(7) E2 29/2+ 25/2% 5
1514(1)  4.1(3)  0.90(6) E2 29/2% 25/2% 5
13358(3)  1111.0(6) 1.1(2) 1.12(14) FE2/M1  31/27F 27/2% 4
2147.1(5)  4.3(3) 1.01(13) E2 31/2% 27/2% 4
13421(5)  3050(3)  0.8(3) 1.01(15) E2 29/2° 25/27 10
13479(5)  3110(3)°  0.4(2)  0.6(2) Al =1 27/2%9  25/2~ 10
13519(5) 1858.9(20) 0.4(2) © (E2/M1) (29/27) 27/2° 10
3148(3)  0.9(2) 1.3(3) (E2) (29/27)  25/2° 10
13527(2)  718.6(1)  4.0(5) 0.68(5) E2/M1 31/2 29/2 3
1108.0(2) 1.8(3) 0.63(6) AI=1 31/2 29/2% 3
13918(3)  814.6(2)  2.0(1) 0.50(7)  E2/M1  31/2° 29/27 8
1545.6(3)  2.5(5) 1.01(10) E2 31/2° 27/27 8
13933(3)  739(1)¢  0.3(1) 0.91(6) E2/M1  31/27 29/27 7
1379(1)  1.0(2) 0.99(13) E2 31/2° 27/2° 7
1560(1)¢  4.5(5)  1.26(9) E2 31/2° 27/2° 7
14237(5)  1378(1)°  0.6(2) ¢ (E2) 29/27  (25/27) 6
2579(2)>¢  0.4(1) 0.85(14) E2/M1  29/2 27/27 6
14517(3)  990.8(2) 3.7(5) 0.71(7)  E2/M1 33/2 31/2 3
14585(3)  1225(1)*  0.9(2) E2/M1 33/2% 31/2% 4
2338.3(5)  2.2(3) 0.91(10) E2 33/2% 29/2% 4
14653(6)  1526(1)  2.7(3) 1.16(10) E2 31/27 27/27 6
14698(6)  4095(3)  0.5(1) 27/2%
4328(3)  0.2(1) 25/27
14782(3) 850(1) 0.8(2) 1.24(10) FE2/M1  33/2~ 31/27 7
1588.7(3)  6.0(4) 0.98(10) E2 33/27 29/27 7
14951(5)  1599.3(5)  25(1)  1.05(6) E2 33/2% 29/2% 5
14955(4)  1038(1)  2.5(5) 0.35(4)  E2/M1  33/2° 31/2° 8
1850.9(8)  3.5(5) 1.13(13) E2 33/2° 29/2~ 8
15330(6)  1811(1)°  0.9(3) 0.67(7) AI=1  31/2%9  (29/27) 10
1851(1)¢ < 0.1 ¢ E2 317200 27/2H) 10
1909(1)°  0.5(2) Al=1  31/2%9  29/2~ 10
15724(3) 942(1) 0.6(1) o0.77(11) E2/M1  35/2" 33/2° 7
1791.6(4)  2.5(3) 1.04(13) E2 35/2~ 31/2° 7
1806(1)  1.0(2) 0.88(10) E2 35/2~ 31/2° 7
15958(6) 1304.8(5)° 0.4(1) 0.46(8)  FE2/M1  33/2° 31/2° 6
1721(1)¢  1.2(2) 1.06(11) E2 33/2° 29/2~ 6
15984(5)  1028(1)  2.0(8) 0.43(5) FE2/M1  35/2° 33/2~ 8
2066(1)°  3.8(8) 0.96(7)° E2 35/27 31/2° 8
16030(4)  1445(1)®  0.4(1) E2/M1 35/2% 33/2% 4
2672(1)¢  1.7(3) 1.04(10) E2 35/2% 31/2% 4
16503(7)  1805(1)  0.3(1)
16560(7)  1907(1)  1.9(4) 1.01(8) E2 35/27 31/2° 6
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Table 1. Continued.

E, E, Lol R30-83 Mult. Ir 7 Structure
(keV) (keV) (%) ass. (h) (k) no.
16755(4)  1031(1)¢  0.5(1)  1.12(8)  E2/M1  37/2 35/27 7
1972.4(6)¢  5.5(1)  1.06(7) E2 37/2 33/2° 7
16851(6)  1899.8(6)  23(1)  1.12(6) E2 37/2% 33/2% 5
17123(5) 1139(1)  2.0(10) 0.55(6)  E2/M1  37/2 35/27 8
2168(1)  6.0(10)  1.20(11) E2 37/27 33/27 8
17606(6)  2276(1)¢  1.4(2)  1.1(2) E2 35/2(t) 31720 10
17828(5)  1798(2)*¢  0.2(1) (E2/M1) (37/2%)  35/2% 4
3243(2) 0.6(2) (E2) (37/2%)  33/2* 4
17881(5) 4523(4) 0.2(1) 31/2% 4
17961(4) 2237(1) 3.5(3)  0.99(8) E2 39/2 35/27 7
18028(7)  2070.1(7)°  1.2(2)  1.19(13) E2 37/2° 33/2° 6
18308(6)  1185(1)¢  1.7(5)  0.70(6)  E2/M1  39/2~ 37/2° 8
2324(1) 3.4(3)  1.10(8) E2 39/2~ 35/2~ 8
18677(6) 4160(4) 0.2(1) 33/2% 3
18882(8) 2322(2) 1.9(2) 1.18(12) E2 39/2° 35/2~ 6
18952(6) 4435(4) 0.2(1) 33/2% 3
19093(7)  2242.4(7)  16(1)  1.10(6) E2 41/2% 37/2% 5
19429(7)  2674(1)>¢  2.3(6)  0.99(8) E2 41/2~ 37/2° 7
19670(6)  1361.9(3)  1.1(5) 0.51(7)  E2/M1  41/2 39/2 8
2548(1) 4.0(5)  1.06(8) E2 41/2° 37/2° 8
19834(7)  2006(1)> < 0.1 (B2/M1) (39/2%) (37/2%) 4
3804(3) 0.4(1) (E2) (39/2%)  35/2% 4
19915(5) 3885(3) 0.3(1)  1.05(39) (E2) (39/2%)  35/2F 4
19929(7)  2323(1)°  1.1(3)  1.15(12) E2 39/2H)  35/2(H) 10
20523(8) 2495(1) 0.9(2)  1.02(15) E2 41/2° 37/27 6
20705(7) 1753(2) <0.1 3
2028(1) <01 3
21094(7) 1424(2) 0.3(1) 0.68(14) E2/M1  43/2~ 41/2 8
2786(2) 2.0(4) 0.95(13) E2 43/2~ 39/2° 8
21256(6) 3295(3) 0.6(2) (E2) (43/27)  39/2™ 7
21640(8) 2758(2) 1.1(2)  0.94(14) E2 43/2° 39/2° 6
21704(8) 2611(1) 8.0(5)  1.07(6) E2 45/27F 41/2+% 5
22048(8) 2214(1) 0.3(1) (E2/M1) (41/2%)  (39/2%) 4
22578(8) 2649(2) 0.6(2) (F2) (43/2%)  39/2%) 10
22684(8) 1590(1) 0.6(2) 0.72(11) E2/M1  45/2° 43/2° 8
3014(2) 0.8(3) 1.07(15) E2 45/27 41/27 8
23458(9) 2935(2) 0.4(1)  1.02(37) (E2) (45/27)  41/27 6
23529(9) 4100(4) 0.2(1) (E2) (45/27)  41/27 7
24316(9) 1632(1) 0.4(1) (E2/M1) (47/27)  45/2~ 8
3223(3) 0.6(2) (E2) (47/27)  43/2 8
24709(9) 3004(2) 2.5(4)  1.03(7) E2 49/27F 45/2F 5
24768(9) 3128(2) 0.3(1) (F2) (47/27)  43/2° 6
25677(10)  3099(3) 0.3(2) (E2) (47/2%)  (43/2%) 10
26223(10)  3539(3) 0.2(1) (F2) (49/27)  45/2° 8
26840(11)  3382(3) <0.1 (E2) (49/27)  (45/27) 6
28133(11)  3424(1) 0.2(1)  0.93(15) E2 53/2% 49/2% 5
31960(12)  3827(1) <0.1 (E2) (57/2%)  53/2% 5
X+1631 1631(1) 0.4(1) (J+2) (J) 9
X+3647 2016(1) 1.0(2) (J+4) (J+2) 9
X+6005 2358(1) 0.9(2) (J+6) (J+4) 9
X+8812 2807(2) 0.5(1) (J+8) (J+6) 9

@ Doublet with intense transitions in °’Co or *®Ni.

® Gamma-ray energy calculated from level differences.
¢ Doublet structure.

4 Not shown in the level scheme.
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Table 2. DCO-ratios of three different angle combinations and deduced 6(E2/M1) mixing ratios for a number of Al =0 and
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stretched AI = 1 transitions in ®**Cu. For details see text and ref. [17].

E, E, Rs0-53 R30-33 Rs3-53 a2 4
(keV) (keV)
Structures 1 and 2
914(1) 913.5(2) 0.64(3)  0.44(4)  0.69(3) 057  +0.24(x"), ~ +1.7
1398(1) 484.3(1) 0.78(8)  0.50(8)  0.77(6)  0.58 +0.05(1)
1864(1) 465.8(1) 1.03(5)  0.94(7)  1.05(5) 0.59 —1.19(38), +0.07(19)
950.5(2) 0.80(4)  0.65(5)  0.73(4) —0.02(5), +4.1(5")
2389(1) 990.8(2) 0.73(8)  0.48(4)  0.76(5)  0.60 +0.08(3%)
2663(1) 798.5(2) 0.98(5)  0.90(5)  0.92(4) 0.60 —0.28(4)
1264.4(3)  1.07(8)  1.29(12)  0.80(11) —0.48(13)
3041(1)  1177.5(2)  0.88(7)  0.59(4)  0.71(4) 0.61 —0.03(1)
1643.5(3)  0.78(7)  0.58(3)  0.79(5) —0.02(1)
3328(1) 664.5(2) 0.89(4)  0.76(4)  0.84(4) 0.62 —0.15(3)
741.7(2) 1.03(6)  1.00(9)  1.02(7) —0.81(33)
3445(1) 860.1(2) 0.61(6)  0.25(4)  0.61(5)  0.62 +0.2 < § < +2.6
4099(1) 653.5(1) 0.99(6)  0.95(5) 0.96(6) 0.63  —1.04(13),0.22(1})
770.7(2) 0.92(4)  0.78(4)  0.82(4) —0.19(4)
4902(1) 802.7(2) 0.86(5)  0.82(6)  0.78(7)  0.65 —0.18(8)
1457.3(3)  0.72(6)  0.38(3)  0.59(4) +0.21(4Y
5720(1) 818.1(2) 0.88(5)  0.74(4)  0.82(4) 0.66 —0.15(3)
6048(2)  1145.5(2)  1.02(7)  0.92(6)  0.84(7) 0.67 —4.1(35), —0.32(6)
6609(2) 888.1(2) 0.91(5)  0.75(5)  0.81(5) 0.68 —0.16(3)
6795(2)  1370.1(3)  0.77(5)  0.60(4)  0.71(4)  0.69 0.00(%)
7051(2)  1331.2(3)  0.83(17) 0.49(11)  0.44(7) -05<38< 1.7
7443(2) 833.7(2) 0.94(9)  0.78(5)  0.82(15) 0.69 —0.20(%)
8812(2)  1368.7(3)  0.83(7)  0.78(9)  0.80(5)  0.72 —0.14(6)
Structure 3
6689(2)  1788.1(4)  0.75(9)  0.53(5)  0.70(4) +0.05(1)
7351(2)  1630.7(3)  0.77(6)  0.56(4)  0.72(6)  0.70 0.02(%)
1925.8(7)  1.04(17)  0.48(8)  0.74(8) +0.04(13)
8114(2) 762.9(2) 0.91(9)  0.61(6)  0.82(6) 0.71 —0.10(%)
1505.5(3)  0.73(8)  0.47(6)  0.62(4) +0.13(3%), +4.4(3%%)
8942(2) 827.4(2) 0.91(9)  0.75(5)  0.84(6) 0.73 —0.18(9)
1499.1(10)  0.73(6)  0.63(6)  0.67(6) —0.02(%)
10603(2)  932.1(2) 0.90(7)  0.89(6)  0.76(6) 0.76 —0.24(5)
12419(2)  1815.6(4)  0.97(10) 0.88(10)  0.65(6)  0.80 —0.23(%)
12808(2)  2204.5(4)  0.92(7)  0.55(4)  0.61(4) 0.81 0.10(8)
13527(2)  718.6(1)  1.05(13)  0.68(5)  0.96(7) 0.82 —0.67(3%), +0.58(3%)
1108.0(2)  0.89(7)  0.63(6)  0.90(8) —0.16(81)
14517(3)  990.8(2)  0.87(10) 0.71(7)  0.82(8) 0.84 —0.16(6)
Structure 4
7792(2) 2890(1) 0.71(9)  0.62(8)  0.46(7) 0.71 0.00(2%)
7825(7) 2023(1)  0.94(23) 0.47(14) 0.71(10) 0.71 —0.05(39)
8153(2) 327.9(1)  0.94(10) 0.65(11)  0.76(7)  0.71 —0.13(%)
360.9(1) 0.99(7)  0.61(10)  0.67(6) —0.15(7)
2728(1)  1.03(13) 1.20(13)  0.94(9) —0.45(19)
8727(2) 574.1(1) 0.93(5)  0.71(7)  0.82(5) 0.73 —0.16(3%)
10276(2)  819.8(2) 1.00(6)  0.73(6)  0.78(6) 0.76  —0.21(5), —6.3(%3)
12247(2)  1035.0(3)  0.93(8)  0.59(6)  0.64(12) 0.79 —0.21(3¢)
13358(3)  1111.0(6)  0.92(10) 1.12(14)  0.81(9) 0.82 —0.44(13)
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Table 2. Continued.

E, E, R3p-53 R30-83 Rs3-83 o) 0
(keV) (keV)
Structure 7
13194(2)  641.4(1)  1.05(8) 1.06(12) 0.82(6) 0.81  —2.8(3),—0.35(7)
14782(3)  850(1)  1.15(14) 1.24(10) 1.45(24) 0.85 S~ —1
15724(3)  942(1)  1.25(13) 0.77(11) 1.12(15) 0.86 S~ —2
16755(4)  1031(1)  1.60(14) 1.12(8)  1.13(8)  0.89 S~ —1
Structure 8
11121(3) 3007(2) 0.79(6) 0.57(6) 0.73(6) 0.77 —0.03(%)
3678(2) 0.47(8) 0.19(5) 0.46(6) +0.2 < § < +2.0
11719(3) 598.8(1) 0.76(7) 0.47(4) 0.60(5) 0.78 +0.06(8)
12374(3)  654.0(1)  0.78(5)  0.50(4)  0.72(5) 0.80  +0.01(5), +6.4(32)
13104(3) 730.0(1) 0.59(6) 0.51(4) 0.75(7)  0.81 0.74(8), 0.05(11)
14955(4)  1038(1)  0.66(5)  0.35(4)  0.59(5) 0.85 0.15(2)
15984(5) 1028(1) 0.55(5) 0.43(5) 0.82(9) 0.87 0.15(%)
17123(5) 1139(1) 1.05(13)  0.55(6) 0.53(5) 0.89 —0.69(§)
18308(6) 1184.7(10)  0.72(8)  0.70(6)  0.61(11)  0.92 —0.12(5)
19670(6)  1361.9(3)  1.07(24)  0.51(7) 0.54(9) 0.94 —0.02(1)
21004(7)  1424(2)  1.29(38) 0.68(14) 1.00(24) 0.97 —0.27 <& < —0.02

transitions. The results are comprised in table 2 together
with the respective Rpco(30-53) and Rpco(53-83) ra-
tios. The phase convention of Rose and Brink [19] is used
for the mixing ratios. The alignment coefficients ay were
fixed using the relation ap = 0.55 4+ 0.02 - E,(MeV) and
uncertainties Aao £ 0.05. For more details we refer to
ref. [17]. As an example, fig. 2 provides the analysis of
the 771 keV 13/2~ — 11/2~ transition. The weighted
mean of the three consistent solutions for the mixing ra-
tio, 0(E2/M1) = —0.19(4), is given in table 2. Despite be-
ing unphysical, neither very large positive nor very large
negative solutions for the mixing ratios are consistent for
all three angle combinations.

The lifetimes of the states at the top of the rota-
tional bands in the mass A ~ 60 region are in the fem-
tosecond regime. Therefore, they likely decay while the
% Cu nuclei are slowing down in the thin target foil. The
Doppler correction of the ~-ray lines is performed using
the velocity of the recoils after the target, such that the
peaks of transitions below some 13 MeV excitation energy
(cf. fig. 1) are lined up in 7-ray spectra taken at different
Ge-detector angles ©. Thus, the v-rays emitted during
the slowing-down process in the target have additional
Doppler shifts, particularly in spectra of Ge-detectors at
forward and backward angles. This effect represents an
important experimental tool to determine (average) tran-
sitional quadrupole moments of highly excited states [20].
From the additional Doppler-shifts experimental F(7)-
values can be derived for a y-ray transition according to

(2)

where (v(t)) denotes the average velocity of recoils at the
time of the emission of the y-ray and (vg) is the average
initial recoil velocity of the residual nuclei.

The heavy-ion fusion-evaporation reaction 28Si + 4°Ca
takes place at a given point in the thin “°Ca target. The
position of the exact point is not measurable. After the
beam slowed down in a fraction of the target, the com-
pound nucleus is formed, which then starts to evapo-
rate light charged particles, in the present case two a-
particles and one proton. The particle evaporation (mainly
a-particles) determines both the direction and the mag-
nitude of the initial ?*Cu velocity vector vo. Based on
the measured energies and directions of the evaporated
particles it is possible to reconstruct event by event the
direction of vq of the 5Cu recoils. Assuming a random
interaction point in the target and accounting for the cor-
responding energy loss of the beam in the front part of
the target foil, the value of vy can be reliably estimated,
also on an event-by-event basis.

The average initial recoil velocity (vg) is, of course, in-
dependent of the excitation energy of the residual nucleus.
However, it turns out that there is an experimental bias,
which does induce such a dependency. The effect is illus-
trated in fig. 3, which provides the observed average initial
velocities (vg) of ®*Cu recoils as a function of the excita-
tion energy F,. Only events which passed the usual crite-
ria used in the analysis of ®*Cu, i.e., two a-particles and
one proton detected in Microball and proper T'E selection,
were used to generate fig. 3. These events were sorted into
a matrix I, vs. vg, and distributions of the latter were
produced by gating on a number of y-ray transitions. The
excitation energy on the z-axis of fig. 3 is defined by the
depopulating ~-ray, while the y-axis is the mean value of
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Fig. 2. Analysis of DCO-ratios of the 771 keV 13/27 — 11/2~
transition using three different detector angle combinations.
The experimental DCO-ratios are represented by the horizon-
tal lines. The DCO-ratios calculated as a function of the multi-
pole mixing ratio 6(E2/M1) for the given alignment (including
uncertainties) are shown by the three curves in each panel. The
crossings of the curves with the experimental DCO-ratio mark
possible solutions for the mixing ratio, indicated by the vertical
lines.
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Fig. 3. The average observed initial velocity of **Cu recoils as
a function of the excitation energy.
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the corresponding vy distribution. Up to E, ~ 13 MeV
the observed average velocity is, as expected, constant at
(vog) = 0.03762(5)c. However, beyond E, = 13 MeV (v)
is decreasing, and a simple linear parametrisation yields
(vo(Ey))/c = 0.03831(7) — 5.31(39) - 10~° E, (MeV). The
population of a residual nucleus at higher and higher ex-
citation energy implies that there is on average less and
less phase space available for the evaporated charged par-
ticles. Therefore, their average energies have to decrease
with increasing excitation energy of the final residue.
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A reduced average particle energy causes a less probable
observation, in particular of a-particles in the backward-
angle hemisphere of Microball, because it is increasingly
difficult for the particles to penetrate the absorbers in
front of the Microball detector elements. However, for the
present analysis of ?*Cu we always demand two detected
a-particles, which thus have to be detected at more and
more forward angles the higher the excitation energy of
% Cu is. This leads to an apparent lower average initial
velocity of the ®*Cu recoils as seen in fig. 3. Consequently,
for the present case eq. (2) has to be replaced with

F(r) = {v(®))/(vo(Ez)), (3)

some peaks indicate the structure within the 5°Cu level scheme

using the parametrisation of vy(E,) mentioned above.

The consequence of the vo(E,) dependence on the
F(r) analysis is indicated in fig. 4(b). The squares rep-
resent the uncorrected experimental F(7)-values of the
yrast superdeformed band 5 using eq. (2). A drastic drop
is observed for the last two data points, which is less pro-
nounced for the circles, which correspond to the corrected
F(r)-values according to eq. (3). The variation of the
average initial velocities of the ®*Cu recoils hence mani-
fests itself as an overestimated decrease of the F'(7)-values
at higher excitation energies, which (wrongly) suggests a
smaller transitional quadrupole moment @y for the higher-
lying states. In fact, Qy ~ 0.5 eb would be necessary
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to explain the uncorrected data point of the 3424 keV
line. This is completely at variance both with the pre-
viously measured average quadrupole moment of band
5, Q, = 2.24(20) eb, which has also been confirmed in
the present work, and the fact that this superdeformed
band is expected to terminate at a much higher spin of
I = 65/2 [5]. The circles in panels (a) and (c) in fig. 4 show
the corrected experimental F'(7)-values of band 4 and 6,
respectively. For the other bands the average quadrupole
moments could not be deduced due to either low intensity
or unavoidable impurities in the respective y-ray spectra.

The ~-decay of bands 4, 5, and 6 was modeled with the
LINESHAPE code [23]. Thereby, the slowing-down pro-
cess in the target was simulated with the shell-corrected
Northcliffe and Schilling stopping powers [22], and using
10000 initial velocity vectors v, which were randomly
selected from events associated with ?Cu residual nu-
clei. The result of the Monte Carlo procedure is stored
in 10000 time-dependent velocity histograms, i.e., v;(t),
i = 1,...,10000, in time intervals of At = 0.2 fs up
t0 tmax = 0.8 ps. In a second step, these velocity his-
tograms were converted into time-dependent velocity pro-
files as seen by the Ge-detectors at 35°, 50°, 90°, 130°,
and 145°, the y-ray spectra of which were used to ob-
tain the experimental F'(7)-values as described above. Fi-
nally, all curves but one in fig. 4 represent simulations
of the F(7)-values assuming constant in-band quadrupole
moments and three-step side-feeding cascades having the
same quadrupole moment as the in-band transitions. The
solid lines in fig. 4(a), (b), and (c) represent the best least-
square fits to the data points, while the dashed lines mark
the quadrupole moments for which x7.q = XZeq min+1- The
x2-dependences on the quadrupole moments are depicted
in fig. 4(d) for the three bands. The numerical results are
to be discussed in the following section, including the dot-
ted curve in fig. 4(a). Systematic uncertainties due to the
simulation of the slowing-down process are not included
in the numerical results. They are typically on the order
of 10%.

3 Results

Previously, excited states in °?Cu had been studied up
to spin and parity I™ = 17/27 at an excitation en-
ergy F, = 5721 keV using the light-ion-induced reac-
tion 58Ni(*He,pn) at bombarding energies Ei,;, = 15—
27 MeV [24]. Early results of our study of 3°Cu focused
on the yrast superdeformed band [5] and prompt proton
emission of bands 5 and 6 [7].

Due to the complexity of the level scheme of 59Cu,
each structure or rotational band labelled in fig. 1 is go-
ing to be presented separately. The corresponding parts
of the level scheme will be shown in greater detail, and
they are accompanied by 2alp- and T E-gated y-ray spec-
tra measured in coincidence with selected and representa-
tive transitions. The spectra will illustrate either the in-
band or the linking transitions to the near-spherical states
(structures 1 and 2), or to some other excited rotational
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Fig. 7. Structure 3 of the level scheme of **Cu. See caption of
fig. 5 for details.

band. Previous spin and parity assignments of the states
were confirmed [5,24]. With the exception of structure 9,
all excited rotational bands are connected to the low-spin
states by a number of linking transitions. This allowed
firm spin and parity assignments to the lowest states in
the bands, because the transitions at the bottom of the
bands are either sufficiently intense or clean to distinguish
between stretched quadrupole or dipole character of some
of the more intense linking transitions. The tentative spin
and parity assignments to the states near the top of the
bands are based on their regular rotational behaviour.

3.1 Structures 1 and 2

Figure 5 provides the low-spin part of the present decay
scheme, which includes the structures labelled 1 and 2 in
fig. 1. It is consistent with the previously reported high-
spin scheme in ref. [24], but extending it noticeably. In par-
ticular, the assignment of positive parity to states belong-
ing to structure 2 is supported by the mixing ratios of the
1178 and 1644 keV lines, which depopulate the 3041 keV
9/2% level. Both are close to zero (see table 2), which is in
line with their parity-changing E'1 character. Additional
weak transitions connecting structures 2 and 1 could be
added, as well as the 1370 keV line on top of structure 2.

Structure 1 has been split into four parts: While struc-
ture 1d is new, sequences la, 1b, and lc represent the
excited states built upon the (p3/2) 3/27 ground state,
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the (fs/2) 5/27 level at 914 keV, and the (f7_/12) 7/2”

state at 1864 keV [24]. The latter has been extended up
to spin 23/27, and several new interband transitions have
been observed. A y-ray spectrum in coincidence with the
818 keV transition, which depopulates the 5720 keV 17/2~
level in structure 1e, is shown in fig. 6(a). The sequence of
the AI =1 transitions at 664, 771, 798, 803, 834, 888, and
1369 keV is clearly visible, along with the accompanying
stretched quadrupole transitions. Some other pronounced
peaks in fig. 6(a), which were found to belong to **Cu as
well, are labelled only with their structure identification
number. Examples of new, weak interband transitions are
those at 939, 1457, 1710, or 2316 keV. To take one exam-
ple, the 1710 keV 13/2~ — 9/2 line is a doublet with the
1708 keV 19/2~ — 15/27 transition, but the former has to
be absent in fig. 6(a), because both the 818 and 1708 keV
lines populate the 4902 keV 15/27 level, and consequently
they are not in coincidence with each other. The 1710 keV
line matches also the energy difference between the levels
at 4099 and 2389 keV, while the yy7y-cube analysis ulti-
mately justifies its placement in the level scheme. Doublets
with intense transitions from 58Ni [25] are present at 939
and 1457 keV in fig. 6(a). In addition, there are transi-
tions at 932 keV (structure 3), 935 keV (structure 4), and
942 keV (structure 7), which contribute to the 939 keV
peak in fig. 6(a). The 939 keV line matches the energy
difference between the levels at 3328 and 2389 keV, while
the 1457 keV line matches the difference in energy between
the levels at 4902 and 3445 keV. Again, the cube analysis
allows for a definite placement. It is also worth mentioning
that the previously mentioned sequence of AI = 1 transi-
tions in structure 1c have nearly constant mixing ratios of
6 ~ —0.20, while the quadrupole admixture of interband
transitions vary between § ~ —1.2 and +4.0.

The right-hand side of fig. 5 shows the new structure 1d
ranging from the 6048 keV 17/2~ state to the 13519 keV
(29/27) state. Similar to structure lc, into which it mainly
decays, it comprises almost equally intense dipole and par-
allel quadrupole transitions. Figure 6(b) provides the ~-
ray spectrum in coincidence with the 1949 keV transition,
which depopulates the 6048 keV level at the bottom of
the structure. It clearly reveals the transitions belonging

to structure 1d itself and the low-lying transitions in struc-
tures la, 1b, and 1c, respectively. In addition, lines arising
from band 10 are visible at, e.g., 1811, 1851, 1909, 2276,
2323, 3050, and 3110 keV. Band 10 feeds the structure 1d
at high spin.

Finally, there are several states which do not seem
to belong to any apparent band-like structure, namely at
6920, 7615, 8511, 9332 and three levels at ~ 11 MeV. Most
of the corresponding v-ray lines can be seen in the inset
of fig. 6(a), e.g., at 3422, 3805, and 3926 keV. It is inter-
esting to note that it is possible to determine DCO-ratios
even for such weak transitions: The Rpco(30-83) value of
the 3805 keV transition is 0.62(16), which suggests dipole
character, and thus a spin assignment of I = 23/2 to the
level at 11248 keV, while the parity of the level remains
undetermined.

3.2 Structure 3

Figure 7 focuses on band 3. The lower part of the band
up to spin I™ = 27/2% at an excitation energy F,
10.60 MeV has already been shown in ref. [5]. The y-ray
spectrum in fig. 8 is the sum of the spectra in coinci-
dence with the 719 keV 31/2% — 29/2% and 991 keV
33/2T — 31/2* transitions. New transitions at, for exam-
ple, 1263, 1816, 2147, or 2204 keV are clearly seen. The in-
set shows the high-energy portion of this spectrum includ-
ing the weak 4160 and 4435 keV transitions, for which no
DCO-ratios could be determined. The core of structure 3 is
the strongly coupled band of AI = 1 and parallel E2 tran-
sitions between the 15/27 level at 6173 keV and the 29/2%
level at 12419 keV. The decay of band 3 proceeds both into
negative-parity states of structure lc and positive-parity
states of structure 2. Towards the top structure 3 turns
into a rather irregular sequence of levels, which fades out
at an excitation energy of E, = 20.71 MeV.

The assignment of positive parity to band 3 is based
on its intermediate position between structures 2 and the
yrast superdeformed band 5 (see also below and ref. [5]).
For example, the 12039 keV state in band 5 decays to
the 8114 keV state in band 3 by the 3922 keV stretched
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Fig. 9. Structure 4 of the level scheme of **Cu. See caption of
fig. 5 for details.

quadrupole transition. In turn, the 8114 keV state is con-
nected to the yrast 17/2% state at 5425 keV via the
2688 keV line, fixing the spin and parity of the level at
8114 keV to 21/2T. Positive-parity assignment to band
3 is further supported by the mixing ratios of the 1499,
1506, and 1788 keV FE1 transitions, which are all close
to zero. Finally, it is worth noting that the mixing ratios
of the in-band Al = 1 transitions at 763, 827, 932, and
1816 keV lie around § ~ —0.20, similar to what has been
observed for structure lc.

3.3 Structure 4

Structure 4, which is depicted in fig. 9, has previously
been published up to a spin and parity of I™ = 35/2%
at an excitation energy of E, ~ 16 MeV [5]. With the
present data set it could be extended up to I™ = (41/2%)
at B, = 22.20 MeV. Figure 10 shows the sum of ~-ray
spectra in coincidence with transitions at 328, 361, and
574 keV, which are placed at the bottom of the sequence.
Similar to structure 3, band 4 consists of a strongly cou-
pled rotational sequence. The decays from the low-lying
17/2%,19/2%, and 21/2% states connect band 4 mainly to
structures 2 and lc. From all structures discussed so far,
band 4 follows the rotational E ~ I(I + 1) rule closest.
This scheme is only broken at the highest spins with the
transitions at 3243 and 3804 keV, respectively. These tran-
sitions are highlighted in the inset of fig. 10 together with
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Table 3. In-band quadrupole moments @ and side-feeding
quadrupole moments Qs for the spin-dependent F(7) simula-
tion of band 4 represented by the dotted curve in fig. 4(a). See
text for details.

E, (keV) | 19834 17828 16030 14585 13358 to 9455
Qi(eb) | 08 10 11 13 1.3
Q.(eb) | 03 06 08 10 1.3

the 3885, which “side-feeds” band 4, and the £, ~ 3 MeV
linking transitions.

The regular behaviour of band 4 along with the DCO-
ratio analysis provide the basis for the spin and parity
assignments of the states up to the 22048 keV (41/2%)
level. Positive parity has been assigned to band 4 previ-
ously [5]. Additional arguments, which are similar to those
invoked for the parity assignment of band 3, can be ap-
plied for the case of band 4. For example, the mixing ratio
§ = —0.45(19) deduced for the 2728 keV 19/2% — 17/27
transition suggests a mixed F2/M1 transition, while the
mixing ratios determined for some of the (high-energy)
parity-changing FE1 transitions are consistent with zero
(cf. table 2). Once again, the in-band Al = 1 transi-
tions have nearly constant mixing ratios on the order of
0 = —0.20.

It has been possible to deduce an average quadrupole
moment of band 4 in the spin range 19/2-33/2. Figure 4(a)
shows the experimental data points of F(7)-values to-
gether with four simulations. The experimental points cor-
respond to the mean values of the stretched quadrupole
and Al = 1 transitions depopulating the same level, if
applicable. The analysis assuming a constant quadrupole
moment in the band (see sect. 2) yields Q, = 1.25(13) eb.
At high spin, however, a band termination effect is clearly
visible —the F(7)-value of the 3804 keV (39/2%) — 35/2*
transition is well below the simulations assuming con-
stant quadrupole moments, which suggests a decreasing
quadrupole moment with increasing spin. In fact, using
the spin-dependent in-band quadrupole moments )y and
side-feeding quadrupole moments Qg listed in table 3,
the simulated dotted curve in fig. 4(a) is obtained. Its
X?ed = 2.6 is lower than the Xfed minimum of band 4 in
fig. 4(d).

Finally, both the 7792 and 7825 keV 17/2% states re-
vealed a weak proton decay branch into the 4T yrast level
of %8Ni [9].

3.4 Structure 5

Figure 11 shows the low-spin part of structure 5 and
its comprehensive discrete-energy decay-out scheme. On
top of the 16851 keV 37/2% level the band comprises
five additional stretched quadrupole transitions with 2242,
2611, 3004, 3424, and 3827 keV [5], leading to the state
with the largest spin (I = (57/2)) and excitation en-
ergy (E, = 32.0 MeV) in the level scheme of **Cu (see
fig. 1). Although searched for, a continuation of this su-
perdeformed band at high spins could not be established
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Fig. 11. Structure 5 of the level scheme of *Cu. See caption of fig. 5 for details.

from the present data set. The complex connection of the
superdeformed band to the low-spin states of structures
1, 2, 3, and 4 via high-energy single- or double-step weak
linking transitions certainly represents the most complete
decay-out scheme from a superdeformed structure to date.
It does also contain two weak proton decay branches,
namely from the 25/2% states at 11917 and 12039 keV,
respectively [7,9]. The decay-out scheme is discussed in
detail in ref. [26].

The comprehensive decay-out scheme could be derived
from dedicated and subtle triple-y-coincidence relation-
ships. Figure 12 provides three examples. Figure 12(a)
shows a ~-ray spectrum in coincidence with the transi-
tion at 4937 keV and any of the 899, 1599, 1644, 2242, or
2611 keV transitions in structure 2 or band 5, respectively.
Despite the very weak relative intensity of the 4937 keV
line (Ire = 0.3(2) %), the 1556 keV 25/2F — 21/2% tran-
sition, the band members up to the 3004 keV line, as well
as the 1178, 1188, 1398, 1486, and 1644 keV transitions
in the first minimum (cf. fig. 5) are clearly (and exclu-

sively) visible in this double-y—gated spectrum. A second
example of the discrimination of weak decay-out lines is
presented in fig. 12(b) and (c). While both spectra are
in coincidence with a peak at E, ~ 3750 keV, panel (b)
is additionally in coincidence with the 899 or 1644 keV
transitions in structure 2 and panel (c¢) is additionally
in coincidence with the 1599, 2242, or 2611 keV lines in
band 5. Clearly, both spectra show a peak at 2744 keV,
which gives rise to the 2744-3748 keV sequence between
the 11917 and 5425 keV levels. However, the presence of
the 1556 keV line as well as weak peaks at, e.g., 1574, 1622,
and 1708 keV in fig. 12(c) provide evidence for the parity-
changing 3753 keV transition connecting the 10361 keV
21/2" and 6609 keV 19/2~ levels.

The quadrupole character of the in-band transitions [5]
is confirmed by the present Rpco(30-83) ratios in table 1.
The four transitions at 1108, 1313, 1434, and 1514 keV,
which depopulate the 13351 keV 29/27 level, have also
Rpco(30-83) values consistent with stretched quadrupole
character. This leads to a spin and parity assignment of
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Fig. 12. Gamma-ray spectra with respect to the decay-out
regime of the superdeformed band 5. The spectrum in panel
(a) is measured in coincidence with the 4937 keV transition
and one of the 899, 1599, 1644, 2242, or 2611 keV transitions.
Panels (b) and (c) are in coincidence with E, ~ 3750 keV
and either the 899 or 1644 keV lines (b) or the 1599, 2242, or
2611 keV lines (c). See text and caption of fig. 6 for details.

25/2% to the corresponding four levels at E, ~ 12.0 MeV.
DCO-ratios could also be determined for some of the link-
ing transitions. For example, the 3230 keV transition has
Rpco(30-83) = 1.07(12), which leads to a 21/2% assign-
ment of the 8656 keV level. This assignment allowed us to
assign quadrupole character to the 3261 keV transition,
which has a consistent Rpco(30-83) = 0.87(15). In turn,
the value Rpco(30-83) = 0.48(19) of the 2896 keV pro-
vides an example for a (mixed) AI = 1 transition. The
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Fig. 13. Structure 6 of the level scheme of 5°Cu. See caption
of fig. 5 for details.

spin and parity of most of the intermediate 21/2% states
can be fixed, because they are eventually connected to
the 5425 keV 17/2% level and one of the four 25/27 states
mentioned above with a single y-ray transition. An excep-
tion is the spin of the level at 11215 keV, which tentatively
is assigned to 23/2% based on yrast arguments.

The result of the F(7) analysis for band 5, which is
shown in panels (b) and (d) of fig. 4, is an average qua-
drupole moment of Q, = 2.23(37) eb. This is in per-
fect agreement with the previously reported number [5].
Despite the fact that the individual experimental F'(7)-
values have rather small uncertainties, the corresponding
x4 distribution in fig. 4(d) is relatively shallow, which is
mainly due to the lack of data points at lower y-ray ener-
gies: Either lack of statistics or doublets close to the four
29/2% — 25/2% transitions prevent the extraction of reli-
able data points to them. Furthermore, the data points of
the 2242 and 2611 keV transitions lie significantly above
the simulated curves, which may be taken as a sign of spin-
dependent deformations in band 5. For example, a simu-
lation with a constant @y = 2.40 eb between the 13351
and 21794 keV levels, which thereafter drops by 0.15 eb
for each state, provides a x2 4 which is as low as the best
fit using the constant @t = 2.23 eb.
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Fig. 14. Gamma-ray spectrum generated by gating on the transition at 4313 keV placed in structure 6. The inset shows the high-
energy portion of the spectrum measured in coincidence with the 1526 keV transition. See text and caption of fig. 6 for details.

3.5 Structure 6

Structure 6 is illustrated in fig. 13. It consists of two par-
allel rotational bands. The band on the left-hand side has
been published previously up to spin I™ = 43/27, and a
proton decay branch from the level at 11982 keV has been
identified [7]. From the present experiment, a 3128 keV
line could be added on top of the band, extending it to an
excitation energy of F, = 24.8 MeV.

The band on the right-hand side of fig. 13 is connected
to the known band through a transition at 1305 keV,
which depopulates the 15958 keV level. There is also a
transition at 2579 keV linking structure 6 with structure
1d. The main spectrum in fig. 14 is measured in coinci-
dence with the high-energy 4313 keV linking transition,
which has a relative intensity of I,e) = 1.4(2)%. One can
clearly notice the connection between the two bands at
1305 keV, the in-band transitions at 1526, 1907, 2322,
2758, and 3128 keV of the left structure, and the transi-
tions at 2070, 2495, 2935 keV of the right structure. The
last, tentative transition at 3382 keV is observed in the
~y7vv-cube in coincidence with the in-band transitions. The
inset in fig. 14 provides the high-energy portion of the -
ray spectrum in coincidence with the 1526 keV transition.
It focuses on the linking transitions at 4313 and 4931 keV,
which connect structure 6 into the low-spin states.

The previous spin and parity assignment to band 6 [7]
is confirmed by the DCO-ratio of the 4313 keV link-
ing transition, Rpco(30-83) = 0.97(11), which indi-
cates its stretched quadrupole character. The quadrupole
character of most of the in-band transitions is based
on their Rpco(30-83) ratios (see table 1), for example,
Rpco(30-83) = 1.19(13) and 1.02(15) for the 2070 and
2495 keV lines, respectively. However, the DCO-ratio of
the 1305 keV transition is Rpco(30-83) = 0.48(8), which
fixes the spin of the 15958 keV level to I™ = 33/27. The
parallel 1721 keV in-band transition has a stretched E2
character, which means that the 14237 keV state has spin
I =29/2. The Rpco(30-83) = 0.85(14) for the 2579 keV
transition, which depopulates the 14237 keV level, is con-
sistent with mixed E2/M1 character, thus providing the
negative parity. Based on the rotational behaviour of
structure 6, tentative spin assignments are suggested to

the topmost states as well as to the 12859 keV level at the
bottom.

The F(7) analysis for the band on the left-hand side
of structure 6, which is illustrated in panels (c¢) and (d)
of fig. 4, yields an average quadrupole moment of @t =
1.95(32) eb. The number is only slightly lower than the
result for the yrast superdeformed band 5. The quoted
errors include only statistical uncertainties.

3.6 Structure 7

Figure 15 shows structure 7. It consists of two rotational
bands, which at low-spin are connected by several AI = 1
transitions. The topmost state of structure 7 is located at
an excitation energy E, = 23.5 MeV and has spin and
parity I™ = (45/27). Structure 7 is linked into states of
structures 1, 3, and 4 by a number of transitions. The 1560
and 1806 keV transitions on the right-hand side of fig. 15
provide a connection to band 8.

The transitions which depopulate the 12552 and
11936 keV levels are highlighted in the coincidence spec-
trum of fig. 16(a), and fig. 16(b) shows a y-ray spectrum
in coincidence with the 4100 keV (45/27) — 41/2~ tran-
sition. This transition on top of structure 7 has a rela-
tive intensity as little as I,y = 0.2(1). Nevertheless, the
spectrum reveals unequivocal peaks at the energies of the
lower-lying transitions in structure 7, e.g., at 1589, 1972,
or 2674 keV, and even some transitions in the decay-out
regime are visible at, for example, 1476 or 2591 keV.

The spin and parity assignment of band 7 is based
on the multiple paths which connect it with the low-spin
states and structure 8. For example, the DCO-ratios of the
2277 and 2591 keV lines are in line with stretched dipole
character and mixing ratios close to § ~ 0, while the 1560
and 2824 keV transitions have DCO-ratios consistent with
stretched quadrupole character. This implies consistently
that the former transitions are parity-changing electric
dipole transitions. The sequence of the 1083 and 3299 keV
transitions provide independent evidence for the 29/2~
assignment to the 13194 keV state. The quadrupole char-
acter of the in-band transitions is consistent with their
Rpco(30-83) ratios, and several §(E2/M1) mixing ratios
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Fig. 15. Structure 7 of the level scheme of *Cu. See caption
of fig. 5 for details.

could be determined for the Al = 1 inter-band transi-
tions. At high spin, the tentative assignments are based
on the regular rotational behaviour of band 7. Limited
statistics and/or doublet structures prevented a reliable
F(7) analysis in this case.

3.7 Structure 8

Structure 8 is displayed in fig. 17. Similar to band 7 it con-
sists of two parallel bands which reach spins and parities
of I™ = 47/2™ at an excitation energy E, = 24.3 MeV,
and I™ = 49/27 at an excitation energy E, = 26.2 MeV,
respectively. At low spins band 8 is almost exclusively con-
nected to structure 1 including high-energy ~-rays up to
5 MeV. Some of them are depicted in the inset of fig. 18,
which represents the high-energy portion between 4 and
5 MeV of summed v-ray spectra in coincidence with the
1042 and 1385 keV transitions situated at the bottom of
band 8. The main part of fig. 18 represents a spectrum in
coincidence with the inter-band 599 keV 25/27 — 23/2~
transition. Both the in-band stretched quadrupole and
inter-band AI = 1 transitions are clearly visible along
with the low-spin yrast cascade of structure 1.

Based on the DCO-ratios in table 1 spins and par-
ities are established up to top of the bands. At the
bottom of band 8 it is, for example, possible to assign
I™ = 27/27 to the 12374 keV level. This assignment is
based on the quadrupole character of the transitions at
1254, 3042, and 3561 keV, which have Rpco(30-83) ra-
tios of 1.01(11), 1.01(15), and 1.00(16), respectively. Al-
ternatively, the 3678 keV transition, which connects the
11121 keV state in band 8 with the level at 7443 keV
in structure 1c, has obviously stretched AI = 1, mixed
E2/M1 character due to its small Rpco(30-83) = 0.19(5)
value. An estimate of the average quadrupole moment was
not possible.
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3.8 Structures 9 and 10

Structure 9 is shown on the left-hand side in fig. 19. It is
the only structure which could not be linked into the low-
spin states. Therefore, the spins, parities, and excitation
energies of the band have not been determined, and it has
been placed at a reasonable but arbitrary spot in excita-
tion energy (X = 14 MeV), which is mainly based on the
relative intensities and energies of the band members.
The right-hand side of fig. 19 shows structure 10. The
band reaches I™ = (47/27) at an excitation energy E, =
25.7 MeV. It decays exclusively into structure 1d, the top-
most three levels of which can be seen in the middle of
fig. 19. Parts of structure 10 are indeed visible in the y-ray
spectrum of fig. 6(b). The 1811 keV transition, which feeds
the 13519 keV state of structure 1d has Rpco(30-83) =
0.67(7). This implies a spin I = 31/2 assignment to the
15330 keV level. Similarly, the Rpco(30-83) = 0.6(2) re-
sult of the 3110 keV transition suggests an I = 27/2 as-
signment to the state at 13479 keV. Since both DCO-
ratios are compatible with a vanishing quadrupole admix-
ture, positive parity is tentatively assigned to band 10,
because at y-ray energies of some 2-3 MeV a considerable
E2 admixture should be present in Al = 1 transitions
(see, e.g., the 3678 keV transition in structure 8). The
3050 keV transition has a Rpco(30-83) = 1.01(15) value,
which provides the I™ = 29/2~ assignment to the third
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Fig. 17. Structure 8 of the level scheme of **Cu. See caption
of fig. 5 for details.

level at some 13.5 MeV excitation energy. The 2276 and
2323 keV transitions in the band have DCO-ratios consis-
tent with their quadrupole character, while the tentative
spin assignments towards the top of the band are based
on the regular rotational character.

4 Theoretical interpretation
4.1 Shell model calculation

The nucleus °?Cu has only three particles outside the dou-
bly magic %6Ni core, two neutrons and one proton. This
clearly calls for the spherical-shell model to try to inter-
pret the low-spin states in ®?Cu, i.e., structures 1 and 2.
The shells involved near °°Ni are the 1f; /2 shell below
the N, Z = 28 shell gap, and the 2p3/3, 1f5/2, and 2p; /o
shells above the gap in the so-called upper fp shell. An-
other important shell is the unique-parity 1gg/o intruder
shell, which becomes essential for configuring the rota-
tional bands in the mass region. However, it cannot be in-
corporated in the shell model calculations presented here.

The calculations we performed only allow for a max-
imum of two-particle two-hole excitations across the
N,Z = 28 shell gap. The reason is a limitation in the
dimension space, which can be accommodated with the
RITSSCHIL shell model code [27] used in the calculations.
The largest dimension treated within the restricted con-
figuration space is about 20000, but the degree of agree-
ment between experiment and predictions shows that the
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present approach comprises the essential ingredients to
explain not only the excitation energies of the states, but
more importantly the electromagnetic decay properties of
the states belonging to structure 1. Structure 2 has posi-
tive parity. Hence, it involves at least one particle in the
1gg/2 shell, and thus is outside the model space.

The parameters of the calculations are identical to
those presented in ref. [17]. The FPD6 residual interac-
tion [28] is used together with single-particle energies,
which within 10 keV reproduce a number of experimen-
tally observed states in °>5"Ni and ®"Cu (see ref. [17] for
details). In essence, the shell gap at N,Z = 28 needs
to be reduced with respect to the parameters used in
ref. [28], which introduces increased “collective” correla-
tions between the 1f7/5 and the 2p3/5 and 1f5,5 shells,
respectively. As an effect, °°Ni turns out to be a rather
soft doubly magic nucleus, because the predicted wave
function of the 0T state comprises a closed-core parti-
tion of merely 55% [17]. This number is in nice agreement
with, for example, much more elaborate calculations in the
full fp or fpge 2 model space employing quantum Monte
Carlo diagonalization (QMCD) methods [29,30]. To de-
scribe the electromagnetic properties, we used effective
charges e, = 1+ de, = 1.33¢ and e, = 20e, = 0.67¢ [31,
32] and effective g-factors gor = 0.9gbare-

The results of the calculation are summarized in
figs. 20 and 21 and in table 4. Figure 20 compares the pre-
dicted and observed level energies of structure 1. For the
22 states of the sequences 1a, 1b, 1c, and 1d the compari-
son yields a small mean level deviation (MLD) of 208 keV
and a binding-energy shift (BES) of 11 keV. The latter has
been added to all predicted levels in fig. 20. It should be
noted that the association of calculated states with those
experimentally observed is based rather on their electro-
magnetic decay properties than on their energies. Table 4
provides the corresponding comparison of branching ratios
b and mixing ratios 6(E2/M1). The overall good agree-
ment between predicted and observed branching ratios
manifests itself in a mean branching deviation (MBD) [34]
smaller than 0.1. For completeness, the lifetime predic-
tions are also included in table 4.

The maximum spin which can be obtained by cou-
pling two like nucleons in the upper fp shell is 4#, i.e., for
the 29th and 30th neutron in ?°Cu. In a simple picture,
the states belonging to structure la can thus be formed
by coupling the v( fp)%,2’4 configurations to a proton in
the 2p3 /o shell. Similarly, structure 1b can be obtained by
moving the active proton into the 1f5/, shell, leading to
T(1fs5/2) ® v(fp)? configurations. The y-ray energies be-
tween the 3041 keV 9/2% and 5425 keV 17/27 levels (1486,
899 keV) of structure 2 are very similar to the cascades of
structures la (1398, 1188 keV) and 1b (1476, 1056 keV) as
well as to the 07—2T-4T sequence in the even-even neigh-
bour %8Ni (1454, 1005 keV) [25]. This suggests that struc-
ture 2, up to the 17/27" state, is based on m(1gg /2) ®@v/( fp)?
components, while the topmost 19/2% state can be ex-
plained by a fully aligned 7(1f5/2) ® v(1f5/2) ® v(1g9/2)
configuration.
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Fig. 19. Structures 9 and 10 of the level scheme of °Cu. See
caption of fig. 5 for details.

This simple view of structures la and 1b is also re-
flected in the plot of the average occupation numbers in
fig. 21(a) and (b). The softness of the 5Ni core regarding
particle-hole excitations manifests itself in the pronounced
average value of 0.7-0.8 1f7/5 holes for these two struc-
tures. Secondly, structure la is dominated by particles in
the 2p3,3 shell, while structure 1b has larger contributions
from the 1f5/, shell. The 3/27 ground state contains a
30% m(2p3/2) closed-core partition, and the 5/27 state at
914 keV is predicted to comprise only 20% of the respec-
tive w(1f5/2) configuration. The filling of the 2p, /o shell
is basically identical in fig. 21(a) and (b), similar to the
predictions for the number of 17,5 holes. The sudden rise
in the 1f5/2 occupation at the highest possible spin for
both structures, which happens on the cost of the 2p, /o
particles, is due to the fact that at least one neutron is

needed in the 1f5/5 shell to create the v(fp)? configu-
ration. The agreement between calculated and observed
energies (cf. left-hand side of fig. 20) and decay properties
(cf. table 4) of structures la and 1b are very good. The
terminating character of the 11/2~ and 13/27 states as
well as the configuration change from the 914 keV 5/2~
state to the ground state is reflected by their compara-
tively large predicted lifetimes of some 5 ps.

Structure 1c has been interpreted as being built on
a one-1f7/5-hole configuration [24]. Possible spin values

for such a configuration range from 7/27 [r(1f7/2)"' ®
m(fp)3 @ v(fp)3] to a maximum of 23/27 [r(1f7,2)"' @

W(fp)i ® V(fP)i or 7T(1f5/2> ® V(lf7/2)_1 ® V(fp)‘;/z]- In
fact, the present extended observation of structure lc in
exactly this spin range supports the previous interpreta-
tion, which is further strengthened by the agreement be-
tween calculated and experiment level energies shown in
the middle of fig. 20. The predicted branching ratios for
decays within structure lc also nicely match the obser-
vations, while slight deviations occur in the coupling of
structure lc with structures la and 1b, respectively. This
can be attributed to the relatively small transitional ma-
trix elements involved, which, for example, lead to a rather
long calculated lifetime of 7 = 95 ps for the 1864 keV 7/2~
state. On the contrary, the lifetimes of the other states in
the sequence are very short. This suggests the presence of
modest collectivity already at relatively low spin in 5°Cu,
which is further supported by the regularly increasing and
nearly parallel behaviour of the occupation numbers of
1f7,2 holes and 2ps,, particles in fig. 21(c). Towards the
top of band 1c the average number of 1f7,5 holes reaches
1.8, i.e., one more hole compared to structures 1la and 1b.
Finally it is worth mentioning that the predicted and mea-
sured mixing ratios of the intense in-band F2/M1 AI =1
transitions are in perfect agreement (see table 4).

The states in structure 1d are interpreted as two-parti-
cle two-hole excitations across the N = Z = 28 gap. Since
this excitation coincides with the limits of the present shell
model calculation (see above) it is clear that the agreement
cannot reach the level of the previously described struc-
tures in sequence 1. Nevertheless, it is possible to find
a set of predicted states which are energetically in good
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Fig. 20. Experimental excitation energies of structure 1 in **Cu are compared to results obtained from shell model calculations.

agreement with the experimental structure 1d. The de-
cay characteristics of these states, namely the calculated
first excited 17/27,19/27,21/27, 23/27, and 27/2" lev-
els together with the yrast 25/27 and 29/2~ levels, match
reasonably well the observed branching ratios. However,
a clear band structure such as structure 1c does not de-
velop in the calculations. Most likely, this is due to the
necessary restriction of the model space, i.e., the lack of
additional particle-hole correlations on top of the primary
particle-hole excitation. The former (mainly quadrupole)
correlations relate to the average number of 1f7 /5 holes of
structures la, 1b (0.7-0.8), and 1c (1.3-1.8), respectively.
The number of 17/ holes of structure 1d is essentially 2.0
(see fig. 21(d)). The lack of the correlations may explain
the suppressed in-band E2 strengths in structure 1d, i.e.,
too small Al = 2 branching ratios.

There are a few more negative-parity states observed
in structure 1, which are shown on the right-hand side of
fig. 20. In accordance with ref. [24], the 1/27 level has
a leading but small (22%) 2p; /o single-particle configu-
ration. The (17/27) level at 6920 keV is relatively high
in excitation energy. In fact, the calculated fourth and
fifth 17/2~ states yield a dominant 3475 branch, but also
additional and about equally strong transitions, which are
not seen experimentally. A similar situation occurs for the
11369 keV 25/27 state: A rather strong 38% branch con-
nects the calculated third 25/27 level to the yrast 21/2~
state, while two other relatively intense branches have not
been seen. On the other hand, the experimental 7615 keV
21/27 state is almost yrast, and there is a single predicted
21/27 level nearby which could not even roughly match
its characteristics. Note that the calculated yrast and first

excited 21/2~ states are needed for structures lc and 1d.
Hence, it is natural to suggest a leading component of the
wave function of the 7615 keV level, which lies outside
the model space of the present shell model space, namely
a fully stretched [m(1gg/2) ® v(1gg/2)]o+ ® v(2ps/2) parti-
tion. The isospin T = 0 [7(1g9/2) ® v(1gg/2)]o+ two-body
matrix element is strongly binding. Similarly, we suggest
a significant [7(1gg/2) @ v(1g9/2)]o+ @ v(1f5/2) component
in the wave function of the 9332 keV 23/2~ state.

4.2 Cranked Nilsson Strutinsky interpretation

The rotational states are interpreted in the framework of
the configuration-dependent cranked Nilsson-Strutinsky
(CNS) approach [35,36]. The advantage of this approach
is that it allows to investigate many different bands in the
calculations, because of its unique possibilities in specify-
ing their configurations. The calculated single-proton or-
bits are shown in fig. 22 as a function of the rotational fre-
quency hw for a constant deformation es = 0.27, v = 20°,
and €4 0.0. This is a typical mean deformation for
the bands observed in °?Cu. Included in fig. 22 are the
N = 3 high-j 1f7,2, low-j upper fp shell orbits, and the
N =4 and N =5 high-j orbits 1gg/2 and 1hy /5. Due to
its low-spin character and its unfavoured energetical posi-
tion, the 2p; /o subshell does not contribute significantly to
the occupation of upper fp shell orbits at high spin, i.e.,
in the following discussion the phrase “upper fp shell”
refers basically to the orbits with 2ps/, and 1f5/, char-
acter. The black lines in fig. 22 represent orbits with sig-
nature &« = +1/2 and the grey lines represent orbits with
signature o = —1/2. Note the large signature splitting of
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Table 4. Comparison of experimental branching and mixing ratios, b and §, of y-rays depopulating the negative-parity states
in structure 1 with predictions from shell model calculations. The calculated lifetimes 7 are provided as well.

Ez Ii If E:l/ bexp btheo ngp 5theo Ttheo
(keV) (h) (b))  (keV) (ps)
Structure la
1398 7/2  5/2 484  0.14(1) 0.35 +0.05(1); +0.09(12) ~0.03  0.80

3/2 1398  0.86(1) 0.65
2586 11/2  9/2 196 0.05(1) 0.08 -0.01 3.2

7/2 722 n.o. 0.00
7/2 1188  0.95(1) 0.92

Structure 1b

914  5/2 1/2 423  0.01(1) 0.01 6.1
3/2 914 0.99(1) 099 +0.24(3'), ~ +1.7; +0.29(3) +0.47

2380 9/2  7/2 525 n.o.  0.00 —0.20 0.61
7/2 991  0.11(1) 0.13 +0.08(z%) +0.26
5/2 1476 0.89(1) 0.87

3445 13/2  11/2 117 n.o.  0.00 -0.03 3.9

11/2 782  no.  0.00
9/2 860  0.16(2) 0.22 +0.2 <6< 42.6; ~ +1 4027
9/2 1056 0.84(2) 0.78

Structure 1c
1864 7/2 7/2 466  0.28(1) 0.08 —1.19(35), +0.07(1)) -022 95
5/2 951  0.48(2) 0.86  —0.02(5), +4.1(3"); 0.00(5) —0.11
3/2 1864 0.24(1) 0.06

2663  9/2  9/2 27 n.o. 0.00 —0.02 0.38
7/2 799 0.93(1)  1.00 —0.28(4); -0.32(4) —0.28
7/2 1264  0.07(1) 0.00 —0.48(13) —0.50

5/2 1749 n.o. 0.00

3328 11/2  9/2 665 0.52(2) 0.72 —0.15(3); ~0.09(5) —-0.18 0.31
11/2 742 0.14(1) 0.01 —0.81(33) —0.07
9/2 939 0.02(1) 0.00 —8.00
7/2 1464  0.25(2) 0.25
7/2 1930 0.07(1)  0.02

4099 13/2 13/2 654  0.06(1) 0.01 —0.04 0.17
11/2 771 0.60(3) 0.67 —0.19(4); ~0.07(5) —0.18
9/2 1436 0.30(3) 0.20
11/2 1513 0.03(1) 0.12 —0.32
9/2 1710  0.01(1) 0.00

4902 15/2 13/2 803  0.47(2) 0.63 —0.18(8); -0.31(6) —0.17  0.15
13/2 1457  0.06(1) 0.02 0.21(zY) +0.02
11/2 1574  0.40(2) 0.35
11/2 2316  0.08(1) 0.01

5720 17/2 15/2 818  0.40(2) 0.58 —0.15(3) —0.16  0.16
13/2 1622 0.51(2) 0.40
13/2 2276  0.09(1) 0.02

6609 19/2 17/2 561 no.  0.03 +0.02  0.15
17/2 888  0.41(2) 0.51 —0.16(3) —0.20
15/2 1707 0.59(2) 0.47

7443 21/2 19/2 392 no. 0.1 +0.00  0.16
19/2 834  0.43(3) 0.52 —-0.20(%) —0.16

17/2 13895  no. 001
17/2 1723 0.57(3) 0.6

8812 23/2 21/2 700  no. 0.0l +0.52  0.07
21/2 1369 0.67(3) 0.61 —0.14(6) —0.26
19/2 1761  no. 0.0l
19/2 2204 0.33(3) 0.36
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Table 4. Continued.
E. I; Iy E’? bexp btheo §gxp Otheo Ttheo
(keV)  (h)  (h)  (keV) (ps)
Structure 1d
6048 17/2 17/2 328 n.o. 0.02 +0.10 0.27
15/2 628 n.o. 0.02 +0.38
15/2 1146 047(3) 058 —4.1(%), —0.32(6) —0.19
13/2 1949  0.43(3) 0.37
13/2 2605 0.10(2) 0.01
7051  19/2 19/2 442 n.o. 0.04 +0.12 0.36
17/2 1003  0.70(5) 0.15 ~1.92
17/2 1331  0.16(3) 0.33 -05<d<+1.7 +0.20
15/2 1631 no.  0.03
15/2 2150 0.14(3) 0.44
8112  21/2 21/2 669 n.o. 0.04 +0.15 0.32
19/2 1060  0.22(6) 0.18 —4.73
19/2 1503 n.o. 0.19 +0.58
17/2 2064  0.78(6) 0.56
17/2 2392 n.o. 0.00
9173  23/2 23/2 361 n.o. 0.01 +0.06 0.07
21/2 1061  0.19(8)  0.03 —4.67
21/2 1730  0.18(8)  0.68 —0.13
19/2 2121  0.63(13) 0.17
19/2 2564 n.o. 0.11
10370 25/2 23/2 1198  0.13(4) 0.05 +0.37 0.04
23/2 1558 n.o. 0.09 —1.09
21/2 2259  0.71(11) 0.06
21/2 2928  0.16(7)  0.79
11660 27/2 25/2 838 n.o. 0.00 +0.36 0.19
25/2 1290  0.17(7)  0.03 +0.98
23/2 2328 0.35(16) 0.73
23/2 2486  0.48(21) 0.16
23/2 2848 n.o. 0.07
13519 29/2 27/2 1408 n.o. 0.01 —0.69 0.03
27/2 1859  0.31(15) 0.1 —0.77
25/2 2697 n.o. 0.10
25/2 3148 0.69(15) 0.71
¢ Ttalic numbers correspond to energetically possible but not observed (n.o.) transitions.
® Tilted values originate from the latest mass A = 59 data evaluation [33]. Their signs have been
swapped to match the phase convention [19].
the high-j 1g9/o and 1h;; /o intruder orbits. At frequencies fined as
larger than 1 MeV pronounced shell gaps at particle num-
bers 29 and 30 occur in the Routhian diagram. On the m(1f7/2) Pt @ m(1gg/2)P? @ w(fp)P?
left-hand side of fig. 22 the origin of the orbits at spheri- ® v(1fr/2) "™ @ v(1ge/2)™ @ v(fp)"™. (4)

cal shapes is indicated. Due to the small Coulomb effects
at these particle numbers, the corresponding plot for neu-
trons is almost identical. Moreover, moderate changes in
the deformation parameters do not alter the global be-
haviour of the Routhians. The calculations do not include
paring. Thus they are presumed to be realistic only at rel-
atively high spins. On the other hand, it is also possible to
obtain a qualitative understanding of the low-spin states,
as will be demonstrated below. For further details see, for
example, refs. [36,37].

Using the classification scheme of fig. 22 for the pro-
ton (and neutron) orbits, a band configuration can be de-

Here, p; (n1) is the number of proton (neutron) holes in
1f72 orbits, while ps (n2) denotes the number of 1gg /s
protons (neutrons). Since 5°Cu has one proton and two
neutrons (three valence particles) with respect to the dou-
bly magic °°Ni core,

n3:2+n17n2. (5)
Therefore, it is sufficient to label the configurations of the
deformed bands as [p1p2, ninsg]. In specific cases it is also
instructive to indicate the signature a for the different

p3=1+p1—p2;
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Fig. 22. Routhians calculated for protons at a typical mean
deformation of %°Cu.

subgroups. A more compact description would be [g1, 2],
with

@ =p1+ni; g2 =p2+ns. (6)

This labelling thus comprises several possibilities.

To facilitate the discussion, table 5 presents a number
of possible configurations in matrix form. The rows are
labeled with “[p;ps” and with the maximum spin of the
respective proton configuration. The columns are labeled
with “ning]” and the maximum spin values of the neutron
configurations. The elements of the table are labelled with
[q1, g2], the number of combined proton- and neutron con-
figurations, the maximum possible spin value of the config-
uration, and the index of the experimental band structure
(italic style), which is assigned to a certain configuration.
The number of bands is based on the product of the num-
ber of proton- and neutron subconfigurations for a given
excitation. For example, the “10]” neutron subconfigura-
tion involves four different structures due to the coupling
scheme of the signatures of the single 1f7,5 hole and the
third neutron in the upper fp shell, respectively. Except
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Fig. 23. Experimental (panel (a)) and calculated (panel (b))
energies of negative-parity states in °°Cu relative to a rigid
rotor reference. The experimental band are labelled with their
identification number (cf. fig. 1), while the calculated bands are
identified with their configuration (see text for details). Pre-
dicted band-terminating states are encircled, and states which
correspond to the maximum possible spin for a given config-
uration (cf. 5) but are still collective are marked with a large
open square. Some of these states are connected to the respec-
tive experimental band to ease the reading of the figure. Filled
(open) symbols denote positive (negative) signature.

for specific configurations considered when discussing the
experimental bands 9 and 10, the unfavoured signature of
the 1gg /o intruder orbit has not been included, because of
the rather large excitation energy (see fig. 22). A total of
some 100 bands has been calculated. By and large, each
observed, indexed structure appears to correspond to ex-
actly one type of a [¢1,¢z] configuration. In general, it is
identified with the one calculated lowest in energy. In the
following, this is going to be described in some detail for
negative- and positive-parity bands.

4.2.1 Negative-parity states (0, 2, or 4 1gg/, nucleons)

The upper panel in fig. 23 represents the experimental
energies relative to an I(I 4 1) reference for the negative-
parity states in ®**Cu, while the lower panel provides the
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Table 5. Overview of investigated CNS configurations and the observed structured assigned to them. The configurations are
labelled as defined in egs. (4)-(6). The last proton and neutron configurations correspond to unfavoured signature among the
go/2. See text for more details.

Configuration v 00] 01] 10] 11] 21] 22] 22, 4]
7r ITae AT 67,7 7t,87 87,97 117,127 157,16~ 18" 17t
[00 (0,0] [0,1] [1,0] [1,1] (2,1] 2,2]
3/27 11/27 la 4 bands 8 bands 4 bands 4 bands 2 bands
5/2~ 13/27 1b 19/2% 2 23/27 29/2% 3 37/2°F 41/2~
[01 [0,1] [0,2] [1.1] [1.2) [2,2] [2,3]
9/2% 1 band 2 states 4 bands 2 bands 2 bands 1 band
17/2% 2 21/27,23/27 1 27/2% 33/27 41/2~ 45/2%
[10 (1,0] (1,1] 2,0] (2,1] (3,1] (3,2]
13/2= 21/27 1lc 4 bands 8 bands 4 bands 4 bands 2 bands
15/27 23/27 lc 29/2% 3 33/27 1d 39/2% 4 47/27F 51/2~
[11 [1,1] [1,2] [2,1] [2,2] 3,2] (3,3]
17/2%,19/2% 4 bands 8 bands 16 bands 8 bands 8 bands 4 bands
19/2%,21/2%  29/2% 3 35/2~ 39/2% 45/2~ 7 53/27 57/2%
21 (2,1] (2,2] [3,1] [3,2] (4,2] 4,3] 4,3]
29/2% 1 band 2 bands 4 bands 2 bands 2 bands 1 band 1 band
39/2% 43/2~ 47/2% 53/2~ 8 61/27 6 65/2F 5 63/2% 910
[21_ [4,3]
27/2+ 1 band
63/2% 9,10

corresponding CNS calculations. Figures 23(a) and (b)
have been normalized arbitrarily. Only relative energies
are meaningful to be compared.

The low-lying structures are observed from spin I =
3/27 to 11/27 (structure la) and its signature partner
from I =5/27 to 13/2~ (structure 1b). These structures
are understood as being built on [00,00] configurations
with maximum spin values of 11/27 and 13/27, respec-
tively (see table 5). At small deformation, these are the
lowest-energy states obtained when the 1f7,5 orbits be-
low the N = Z = 28 shell gap are filled (p1 = n1 = 0),
and the three valence particles are placed in the upper fp
shell (p2 = no =0, p3 = 1, and ng = 2, see eq. (4)). This
assignment is in line with the simple shell model picture
mentioned earlier (see subsect. 4.1).

Structure 1c is built on a 7/2~ band head and extends
to spin 23/27. It corresponds to either a proton or neutron
hole in the 1f7/5 orbit, i.e., to [10,00] or [00,10] configura-
tions, respectively. Since the former [10,00] configuration
involves a symmetric occupation in the upper fp shell (two
protons and two neutrons in identical orbits) it is favoured
in energy relative to the [00,10] configuration. Therefore,
the [10,00] bands with maximum spins 21/2~ and 23/2~
form the two signature partners associated with structure
lc. The band head is described as prolate at v = —120°.
The higher-spin states would then be described as being
built from the K = 7/2 spin vector of the proton hole
pointing along the symmetry axis and a perpendicular
component of collective rotation. Such states cannot be
described in the present one-dimensional cranking formal-
ism. When the spin values become higher, however, the
components of the spin vector along the rotation axis will

dominate and the present formalism should be valid. Thus,
the calculated 7/2 state and the 15/27, 17/27, ..., 23/2~
states are shown in fig. 23 and a smooth interpolation be-
tween I™ = 7/27 and I™ = (15/27,17/27) is indicated by
a dotted line.

The states of structure 1d are likely to involve [2,0]
configurations. Because two signature degenerate partners
are observed, the band must have an odd number of f7/,
proton holes and/or f7/, neutron holes. Hence, the only
possible configurations are of [10,10] character. Eight dif-
ferent bands can be formed depending on the signature
of the [303]7/2 1f7,, proton and neutron holes, and the
signature of the odd neutron in the upper fp shell. A
low energy K = 17/2 band head is then formed with the
odd particles in the 7[303]7/2, v[303]7/2, and v[321]3/2
Nilsson orbits. As for band 1c it is impossible to describe
spin states just above the I = 17/2 band head, while it
should be possible to describe the states close to termina-
tion. Thus, a smooth interpolation is carried out between
I™ = 17/27 and I™ = (27/27,29/27). This leads to a
qualitative description of the observed band (see fig. 23).
The band is observed up to I™ = 29/27, which is some-
what below the maximum possible spin for the two sig-
natures at 31/2 and 33/2, respectively. However, no clear
termination is calculated at these spin values.

Higher-spin states of negative parity are formed when
two particles are excited to the lowest 1gg /o orbit. Here, it
is always energetically most favourable to excite one pro-
ton and one neutron, both with signature o = +1/2 (see
fig. 22). Such an excitation can be combined with zero,
one, two, three, and four 1f7 /5 holes. With zero holes, i.e.,
[01,01] configurations, energetically very favoured termi-
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nating states are calculated at spins 21/27 and 23/27,
respectively. In fact, the lower-spin states of these bands
are calculated at a higher excitation energy. The calcu-
lated 21/2~ and 23/2 states are likely to correspond to
the experimental levels at 7615 and 9332 keV in struc-
ture 1. They are included in fig. 23(a) as filled and open
diamonds. It should be noted that this assignment is in
nice agreement with the results of the shell model calcula-
tions in sect. 4.1, which cannot describe these two specific
states due to their 1gg,5 contents.

The [1,2] configurations are found within the eight
[11,01] and two [01,11] configurations. They are calculated
approximatively 1 MeV above yrast around termination
at their maximum spin values of 33/2 and 35/2, respec-
tively, and at even higher relative excitation energy for
lower-spin values. The high energy calculated for these
[1,2] configurations is in line with the fact that no experi-
mental structures can be assigned to them.

Band 7 is interpreted as having two 1f7/, holes and
thus to be of type [2,2]. Because signature degenerate
partners are seen, we conclude that there has to be one
proton hole and one neutron hole, i.e., the [11,11] con-
figuration is favoured versus [21,01] or [01,21] candidates.
As mentioned earlier, [2,2] configurations with two pro-
tons or two mneutrons in the 1lgg,, orbit (for example,
[12,10], [10,12], or [00,22]) are not considered either, be-
cause the large signature splitting of the [440]1/2 orbit
leads to a rather high excitation energy of such configu-
rations. The maximum spin values of the predicted yrast
[11,11] configurations are 41/2~ and 43/2~. The observed
topmost 45/27 state of structure 7 might belong to the
[11,11] band, which has the observed maximum spin value
45/27. The calculated highest-spin states of this band are
also shown in fig. 23(b). Another possibility is that the
band is seen beyond its maximum-spin state because the
a = 1/2 branch does not terminate in a non-collective
state at I™ = 41/27, but can rather be followed to even
higher-spin states, which are formed because of the cou-
pling between all N' = 3 subshells and between different
major shells at very large rotational frequencies.

Band 8 is suggested to be based on configurations of
type [3,2], i.e., to have three holes in the 1f7 5 shell, which
implies that there are four particles in the upper fp orbits.
The most symmetric [3,2] configuration is [21,11], and the
two signature branches are formed depending on the signa-
ture of the f7,, neutron hole. In a similar way, the [11,21]
configuration is also calculated relatively high in excita-
tion energy. Thus, the configuration of this band is fully
determined contrary to some of the other bands. Struc-
ture 8 is observed to two spin units below the predicted
Inax. Furthermore, the calculated bands can be followed
to higher spin values as illustrated by the 55/2 state in
fig. 23(b) (see previous paragraph).

Finally, band 6 can be interpreted as having four f7/2
holes, i.e., to have a [4,2] configuration, and thus of the
type [21,21]. The full configuration reads 7T(1f7/2)72 ®
m(fp)® @ w(1g9/2)" @ v(Lfr/2) 7> @ v(fp)} - @ v(1ggs2)".
Therefore, the signature partner bands are formed de-
pending on the signature of the third fp neutron. The
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calculated signature splitting is consistent with experi-
ment, which is a strong argument in favour of the present
assignment (see fig. 23). The maximum spin values are
I = 59/2 and 61/2, which is considerably higher than
the observation of the bands. As expected for this kind of
configuration with several holes and a number of high-j
particles, the bands do not turn non-collective at I = I',ax
(cf. sect. 5). It is interesting to note that the o = —1/2
signature partner of structure 6 behaves almost identi-
cal to the so-called doubly magic deformed [21,21] band
in the N = Z neighbouring nucleus *Cu [3,21,38]. Thus,
E,(3Cu) ~ E,(*Cu)+50 keV from spin I = 117(23/27)
to 231 (47/27), and moments of inertia and alignments
of the two bands are very similar.

Considering the maximum spin values and the fact
that bands 7 and 8 are essentially signature degenerate,
while band 6 is not, our assignments to them appear well
founded. However, the calculated relative energies are off
by 0.5-1.0 MeV. This suggests that the spherical gap
at particle number 28 should be increased by at least
0.5 MeV, because the three bands differ in their 1f7/5 hole
content. This modification can be done by a change of the
Nilsson parameters, which will only marginally affect the
relative energies within the bands.

4.2.2 Positive-parity states (1 or 3 1g9/5 nucleons)

The upper panel of fig. 24 shows the experimental exci-
tation energies relative to a rigid rotor reference for the
positive-parity states in ®**Cu. The lower panel represents
the corresponding CNS calculations.

Structure 2 starts with a 9/2% band head and reaches
maximum spins of 17/27 and 19/27F, respectively. It is
suggested to have [0,1] type configurations, i.e., either one
proton or one neutron in the 1gg /o orbit. The [01,00] con-
figuration, which has the proton in the 1gg/, orbit, comes
lowest in the calculations. This is also the natural assign-
ment for the 9/2% band head. The 19/27 state, however,
can only be reached for the [00,01] configuration with the
odd proton in gg/o and two neutrons in the fp orbitals.

Band 3 is built from [1,1]-type configurations, i.e.,
[11,00], [10,01], [01,10], or [00,11]. The [01,10] bands are
relatively high in excitation energy, because they involve
three neutrons in the upper fp shells. On the contrary, the
[11,00], [10,01], and [00,11] configurations are calculated
at similar energies. For the sake of clarity, only bands of
the configuration [11,00] are plotted in fig. 24(b), i.e., a
proton being excited from the [303]7/2 Nilsson orbit di-
rectly into the [440]1/2 Nilsson orbit. Those which are
lowest in energy terminate at spin 25/2% and 27/2", re-
spectively, while another [11,00] configuration reaches the
highest possible spin, I = 29/2. The 29/2%, 31/2% and
33/2" states at 12808 keV, 13527 keV, and 14517 keV
(see fig. 7) are observed relatively low in energy, but we
have not found any natural assignment for them, and thus
are not shown in fig. 24.

Two-particle two-hole excitations across the shell gap
are suggested for the experimental structure 4, i.e., con-
figurations of the type [2,1]. Here, the possibilities include
[21,00], [11,10], [10,11] or [00,21] excitations. Once again,
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rotor reference. See caption of fig. 23 and text for details.

the 16 [11,10] and 4 [00,21] configurations come relatively
high in energy because of the three neutrons in the upper
fp shell. The lowest calculated bands of the [2,1] type
are [21,00] and [10,11], which is due to the symmetric
occupation of the upper fp shell with both two protons
and two neutrons. The [21,00] configuration is somewhat
lower because with the present parameters the gg /2 proton
shell is rather lower than the neutron gg /o shell. However,
because the observed structure 4 is signature degenerate
with intense AI = 1 transitions, it must have an odd
number of f7/5 holes for neutrons and/or for protons, be-
cause single particles or holes are needed in high-K Nils-
son orbits (here: [303]7/2) to produce large B(M1) values.
This leaves the [10,11] configuration as the only alterna-
tive. These bands, which are calculated approximatively
300 keV above the [21,00] configuration, have very similar
energies with I, = 37/2 and 39/2. They are somewhat
collective at the I« values although very soft towards the
non-collective oblate shapes at v = 60°. From this point
of view it is questionable if they should be considered ter-
minating or not. The remaining collectivity means that
they can be followed continuously to higher spins. In the
experimental level scheme a 41/2 state is seen on top of
structure 4 (cf. fig. 9). Seemingly it belongs to the band,
which implies that this configuration has been observed
beyond Ipnax. The calculated 41/2 — 37/2 transition en-
ergy is 3.7 MeV. This value is somewhat smaller than the
observed energy difference of 4.4 MeV.
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Structure 5 is the yrast superdeformed band in 59Cu,
to which a [4,3] configuration had been assigned previ-
ously [5]. In order to create energetically favoured high-
spin positive-parity states in °?Cu, it is clear that three
particles must be excited to the 1gg,p orbit. It is then
possible to produce the very favoured [21,22] configura-
tion, which is stabilized by the two large gaps at high
rotational frequencies for particle numbers 29 and 30 in
fig. 22. The lowest predicted [21,22] configuration is thus
assigned to band 5, in accordance with the earlier publi-
cation [5]. Relative to the bands with one 1gg,, particle
and one or two 1f7/5 holes in their configuration, how-
ever, this band is calculated 1.5-2.0 MeV too low. This is
consistent with the above-mentioned conclusion that the
shell gap at particle number 28 is too small. It also sug-
gests that the 1gg/o orbit comes somewhat too low with
the presently used standard Nilsson parameter set, which
is contrary to previous conclusions in somewhat heavier
nuclei (see, e.g., ref. [38]). The maximum-spin state in
this configuration is 65/2, but the band remains collective
at this spin value and could in principle be followed to
higher spins. It should be noted that the [21,22] is unique,
because other possible [4,3] configurations, e.g., [32,11] or
[10,33], involve costly excitations both from well-bound
[312]5/2 orbits and into high-lying [431]3/2 orbits.

Structure 10 can be understood as the signature part-
ner of the yrast superdeformed band 5, which so far have
not been seen in any other of the previously reported su-
perdeformed bands in the mass A ~ 60 region. Interest-
ingly, at the rather high excitation energy of this band,
several possibilities arise to produce negative signature
within the [21,22] scheme. First of all, there is the natural
promotion of the single 1gg,2 proton from the favoured
a = +1/2 orbit into its & = —1/2 signature partner, i.e.,
the configuration labelled [21_,22] in fig. 24(b). However,
this configuration is calculated higher in energy than the
configuration, which involves the excitation from the sec-
ond into the third 1gg/o neutron orbit. This corresponds
to the [21,22, ] band in fig. 24(b), for which all three
lgg/o particles are in o = +1/2 orbitals. There are also
other configurations at similar energies, e.g., an excitation
within the upper fp orbits starting from band 5, or with
only three or two 1f7/5 holes combined with three 1gg /o
particles, i.e., configurations of type [3,3] or [2,3]. Such
configurations could also be possible assignments to struc-
ture 9, if it has positive parity. It should finally be added
that the calculated yrast states of signature o = —1/2
between I = 51/2 and 63/2 are formed with one proton
excited from the N' = 2 shell to the 1gq /2 orbit relative to
band 5.

5 Discussion

Twelve different structures have been observed up to high
spin in ?Cu. They involve different numbers of particle-
hole excitations across the N = Z = 28 shell gap (q1)
and different numbers of particles in the 1gg/o orbit (go).
The latter orbit is strongly deformation driving. Together
with an increasing number of particle-hole excitations, it is
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expected to induce an increasing amount of deformation
or collectivity in the different structures. The extensive
level scheme of ®?Cu thus offers an excellent and unique
opportunity to study the evolution of shapes as a function
of ¢ and g or their sum ¢ = q1 + ¢».

In fig. 25(a) the kinematic moments of inertia of bands
4,7, 8,6, and 5 are plotted. They have configurations as-
signed to the classes [2,1] (¢ = 3), [2,2] (¢ = 4), [3,2]
(g =5), [4,2] (g =6), and [4,3] (¢ = 7), respectively (see
table 5 and subsect. 4.2). The evolution of shapes can be
easily followed, because one would expect band 5 to have
the largest deformation, and, therefore, also the largest
moment of inertia, which it does have. Bands 6, 7, and
8 all have two 1gg/o particles, and they also have rather
similar values of their moments of inertia. At high spins
and rotational frequencies (fiw > 1.4 MeV), the moments
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of inertia are also correlated with the number of holes
in the 1f7/5 orbit. At low spins this correlation is prob-
ably destroyed because of pairing correlations or mixing
with other members of the respective configuration class.
Over the whole spin range band 4 has a considerably lower
moment of inertia than the other bands, which is also ex-
pected since it only involves one 1gg/p particle and the
lowest g-value.

The comparison of dynamic moments of inertia .J(?)
in fig. 25(b) shows an essentially smooth behaviour for all
the bands. There are some small irregularities visible for
structures 4, 7, and 8, which support the above-mentioned
idea of distortions of the yrast band of a given configura-
tion by closely but energetically higher-lying bands of the
same class. For band 4 and 7, the decrease of J(?) at high
spins indicates the high energy required to achieve the last
observed spin units, which are at or even beyond I,,.y, the
maximum spin which can be built from the available va-
lence particles and holes.

In fig. 25(c) the experimental effective alignments iqg
of the bands 4, 5, 6, 7, and 8 are shown. The effective
alignments i.g measure the effect of additional particles
with respect to an arbitrary ®°Ni core using the Harris
parameters [39] Jo = 10h?/MeV and J; = 0. The mag-
nitude of the alignments of the bands is nicely correlated
with the parameter g, i.e., the number of 1gg/o-particles
and the number of 1f7/5 holes involved in their configura-
tions. The effective alignments of bands 4 and 7 decrease
above fw ~ 1.1 MeV indicating that they approach their
termination.

A more precise measure of the deformation are
the quadrupole moments of the bands. The average
quadrupole moments, Q,, of bands 4, 5, and 6 have been
measured, and fig. 26(a) compares them to the calculated
values as a function of the angular momentum. The cal-
culations are based on the macroscopic density distribu-
tion as described in ref. [36]. The dot-dashed, dashed, and
solid lines show the course of the CNS predictions, while
the grey boxes reflect the experimental average values and
their uncertainties within the measured spin range. For
band 4 the dot-dot-dashed line shows the values used for
the experimental attempt to describe a spin-dependent
Q@ (cf. table 3 and fig. 4(a)). Qualitatively, this specific
approach describes the data points, and it is in good
agreement with the dot-dashed CNS prediction. Calcu-
lated shape trajectories of bands 4, 5, and 6 in the es-
~ deformation plane are shown in fig. 26(b). The bands
change their shapes gradually starting near v = 0° prolate
shapes, then they are calculated to be triaxial at interme-
diate spins, and they finally approach non-collective oblate
v = 60° states at the highest spins. For band 6, which has
the [21,21] configuration assignment, the shape trajectory
is somewhat irregular. This is probably due to difficulties
to discern between 1f7/, and upper fp orbitals in the CNS
calculations. Taking into account the deformation driving
character of the 1gg 5 orbital, one can easily notice that
the deformation of the bands increases depending on the
number of the 1gg /5 particles involved in the their config-
urations: band 5 has the [4,3] configuration and it is more
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Fig. 26. Panel (a) provides a comparison of calculated and
measured average quadrupole moments for structures 4, 5, and
6 (negative signature). The dot-dashed, dashed, and solid lines
show the course of the predictions, while the grey boxes re-
flect the experimental average values and their uncertainties
within the measured spin range. For band 4 the dot-dot-dashed
line shows the values used for the attempt to describe a spin-
dependent Q; (cf. table 3 and fig. 4(a)). Panel (b) shows the
calculated shape evolution of bands 4 (negative signature), 5,
and 6 (negative signature) in the e2-y deformation plane.

deformed than band 6, which belongs to the [4,2] configu-
ration class, which is more deformed than band 4 with its
[2,1] configuration.

The increase of the average quadrupole moments of
bands 4, 5 and 6 is thus related to the 1gy,, particle con-
tent involved in the band configuration. However, the im-
portance of the f7/5 holes, not only for the formation of
smooth terminations, but also for their role in stabilizing
the deformation has been emphasized [38,40]. Therefore,
the f7 /2 holes are expected to have an important influence
on the quadrupole moment. The contribution of the 1f7/,
holes and the 1gg/o particles to the maximum spin is of
similar size, because the full alignment of two 1gg,, parti-
cles is 8 or 9h, while the full alignment of two 1f7/, holes
is 6 or Th, depending on whether they are made of like
nucleons (even spins) or unlike nucleons (odd spins). Cor-
relating the gross ¢ = ¢1 + ¢ labelling and the measured
average quadrupole moments for bands 4 (¢ = 3, [2,1]
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configuration, @, = 1.25(13) eb), 6 (¢ = 6, [4,2] configura-
tion, Q, = 1.95(32) eb), and 5 (¢ = 7, [4,3] configuration,
Q, = 2.23(31) eb), an empirical linear equation can be
derived:

(7)

This relation is also in line with quadrupole measurements
in other A ~ 60 nuclei [1,3,4,6]. Assuming an axially sym-
metric shape, the corresponding quadrupole deformations
B for bands 4, 6, and 5 extracted from the transitional
quadrupole moments are 0.24(2), 0.36(4) and 0.41(5), re-
spectively [41]. This gives to an equation similar to eq. (7),
namely

(8)

The numbers are close to the es-values at low spins
(cf. fig. 26 and ref. [41]).

Q; ~0.53eb+0.24eb-q.

2~ 0.09+0.04 - q.

6 Conclusions

In the present work, a very extensive high-spin level
scheme of ®?Cu is presented. Normalized to mass, the 5°Cu
level scheme of fig. 1 is to our knowledge the most com-
prehensive high-spin level scheme ever deduced. Due to
the combination of the very efficient y-ray spectrometer
Gammasphere and the selective device Microball a consid-
erably amount of new experimental information has been
extracted. Twelve structures representing more than 300
y-ray transitions were placed in the **Cu level scheme.
Each structure has been studied in detail both experi-
mentally and theoretically. At low spin and low excitation
energy simple restricted shell model calculations in the fp
model space, which allow up to two particles to be excited
across the shell gap at particle number N = Z = 28, suc-
cessfully describe the excitation scheme, including branch-
ing and mixing ratios and a few lifetimes. At high spin
and medium to high excitation energy it has been pos-
sible to follow the evolution of shapes from spherical to
moderately-, well-, and superdeformed shapes along the
level scheme by comparing the measured quantities to
a large set of cranked Nilsson-Strutinsky calculations. A
consistent configuration assignment has been performed,
and a simple relation between the measured deformation
and the summed number of particles in the 1gg,5 intruder
orbit and holes in the 1f7/5 shell has been suggested.

Evidently, at this moment °Cu presents the most com-
plete level scheme in the mass A ~ 60 region. A detailed
study of the v decay-out mechanism from the superde-
formed bands and of the prompt proton decays is going
to complete the present experimental work. Theoretically,
59Cu offers the possibility to consistently refine the Nils-
son parameters in the A ~ 60 region.
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