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High-spin states ofTz51 nuclei were studied with the reactions58Ni( 28Si,3a) 74Kr, 58Ni( 28Si,2a) 78Sr, and
58Ni( 28Si,2p2n) 82Zr at 130 MeV beam energy. The Gammasphere array in conjunction with the 4p charged-
particle detector array Microball was used to detectg rays in coincidence with evaporated light charged
particles. The knownp51, a50 yrast bands were extended toI528\ at 20 MeV excitation energy. For all
three nuclei, a number of positive- and negative-parity sidebands were established; altogether 15 new rotational
bands were found. The data are discussed using the pairing-and-deformation self-consistent total Routhian
surface~TRS! model: High-spin structures of74Kr and 78Sr are governed by the shell gaps at large prolate
deformation while82Zr seems to exhibit shape coexistence. Nearly identical bands were established which may
be explained as arising from thef p orbits acting as spectators at very elongated shapes. The experimental data
in theseTz51 nuclei are in good agreement with predictions of the TRS model using conventionalT51
like-nucleon pairing correlations.@S0556-2813~97!01407-6#

PACS number~s!: 21.10.Re, 21.60.2n, 23.20.Lv, 27.50.1e
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I. INTRODUCTION

The mass regionA'80 is known to provide a variety o
nuclear structure phenomena. Due to the low density
single-particle energy levels, the nuclear shapes are stro
configuration dependent. They are predicted to vary not o
with the particle number, but also with excitation energy a
spin. According to the mean-field models the structure of
A'80 nuclei is governed by large shell gaps of' 2 MeV at
oblate (b2'20.3, particle numbers 34, 36! and prolate
(b2'10.4, particle numbers 38, 40! shapes@1–3#. These
shell gaps lead to a large negative shell correction wh
counterbalances the increase in the smooth component o
nuclear energy due to deformation. Consequently, the gro
states of certain Kr, Rb, and Sr isotopes are predicted to
very elongated@1–3#. For some nuclei theory predict
prolate-oblate shape coexistence as well as strong sh
mixing phenomena~see@4,5#!. Many theoretical predictions
have already been confirmed experimentally. Strong ca
dates for oblate rotational bands were reported for
N5Z536 nucleus72Kr @6,7# and in the light Se (Z534)
isotopes@8#. Another indication for oblate deformation i
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this mass region is the measuredg factor at the first crossing
in the positive-parity yrast cascade in78Kr @9#. The small
precession indicates that the aligning nucleons are neut
which suggests that78Kr has a near-oblate shape througho
the ground-state band. Large prolate deformations were id
tified via g-ray spectroscopy in light Sr nuclei@10#, and by
means of collinear laser spectroscopy in the Rb (Z537) @11#
and Sr (Z538) @12,13# isotopic chains. Large transition
strengths deduced from lifetime measurements of exc
states in a number of rotational bands in the reg
Z535–38,N538–42 ~e.g., @14–16#! provide further evi-
dence for the presence of large collectivity in these nuc
Shape coexisting prolate or oblate shapes as well as sin
particle structures have been observed separately in the s
nucleus~e.g., 82Sr @17–19#! or were found to mix within the
ground-state band~e.g., 74Kr @7,20,21# or 86Zr @22#!. In ad-
dition to the predicted and observed large normally deform
shell gaps, a long predicted@1,2# island of superdeformed
prolate spheroids (b2'0.55) centered around neutron num
bersN'44 in the Sr to Zr isotopes was recently observ
@23–25#.

Large shell gaps imply reduced pairing correlations a
this is one subject to be addressed in this study for even-e
nuclei. Reduced pairing is believed to be responsible for
near-rigid rotation observed in the positive-parity yrast ba
in 77Rb @16,26# and the negative-parity yrast bands in76Kr
d,
98 © 1997 The American Physical Society
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TABLE I. Off-line sortedEg-Eg matrices (M ) andEg-Eg-Eg cubes (C) used in the analysis.

Ge-detector angles Range Target Gating Number of
Q1 (°) Q2 (°) Q3 (°) Eg ~keV! Thin Thick p a events Purpose

C All All All 100–2000 3 2 0 2.93108 Level scheme
C All All All 100–2800 3 2 0 3.63108 Level scheme
M All All 50–2500 3 2 0 1.23109 Level scheme
M All All a 50-2500 3 2 0 1.43106 Level scheme
M All All 50–2500 3 2 0 3.03108 Level scheme
M All All b 50-2500 3 2 0 1.33106 Level scheme
M F/B c MI d 50–2500 3 2 0 2.93108 DCO ratios
M F/B c MI d 50–2500 3 2 0 6.13107 DCO ratios
M 31.7, 37.4 All 50–2500 3 2 0 1.13108 DSA lifetimes
M 142.6, 148.3 All 50–2500 3 2 0 9.83107 DSA lifetimes

C All All All 100-2800 3 0 2 1.93107 Level scheme
M All All 50–2500 3 0 2 3.93107 Level scheme
M All All e 50–2500 3 0 2 1.53106 Level scheme
M All All 50–2500 3 0 2 6.53106 Level scheme
M F/B c MI d 50–2500 3 0 2 7.93106 DCO ratios
M F/B c MI d 50–2500 3 0 2 1.33106 DCO ratios

C All All All 100–2800 3 0 2-3 2.13107 Level scheme
M All All 50–2500 3 0 3 3.53106 Level scheme
M All All 50–3300 3 0 3 3.73106 Level scheme
M F/B c MI d 50–2500 3 0 2-3 8.63106 DCO ratios
M F/B c MI d 50–2500 3 0 2-3 1.43106 DCO ratios

aGated with a thirdg ray at 407 or 634 keV.
bGated with a thirdg ray at 407, 634, 847, or 1021 keV.
c31.7, 37.4, 50.1, 129.9, 142.6, 148.3, and 162.7.
d79.2, 80.7, 90.0, 99.3, and 100.8.
eGated with a thirdg ray at 278, 503, 712, or 895 keV.
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@15#. The effects of the shell gaps should be reinforced in
self-conjugateN5Z nuclei. In addition, theT50 neutron-
proton (n-p) pairing mode in the even-evenN5Z nuclei is
suggested to influence the expected band-crossing pa
@27#. Alongside this collectiveT50 pairing correlation~a
clear signature of which is yet to be determined! stands the
possibility of a strong residual~noncollective! T50 interac-
tion between valence protons and neutrons moving in id
tical orbitals. Recently, a signature ofT51 andT50 band
crossings was likewise observed in the odd-oddN5Z
nucleus 74Rb @28#. Unfortunately, the cross sections fo
populatingN5Z nuclei in the A580 region with stable
e

ern

n-

beam-target combinations are on the order of 10–100mb
and the fusion-evaporation reactions at energies near
Coulomb barrier used in the past@29,30# do not provide
enough angular momentum to observe the complete al
ment into the 4 quasiparticle~qp! region. As compared to the
N5Z nuclei theTz51 nuclei have much larger cross se
tions ~about 1 mb! which allow extensive studies up to hig
angular momenta by using theg-detector arrays of the lates
generation. Though the collectiven-p pairing is predicted to
decrease rapidly when moving away from theN5Z line
@31–33#, theTz51 nuclei may still contain a sizable amou
of that strength. There are also possible configurations, e
n
TABLE II. Experimental relative cross sections for the reaction28Si158Ni at Ēbeam5128 MeV deduced from the yields of know
ground-state and bandhead transitions in various particle-gated spectra.

Reaction s rel Reaction s rel Reaction s rel Reaction s rel Reaction s rel

channel ~%! channel ~%! channel ~%! channel ~%! channel ~%!

73Br13ap 0.080~8! 78Kr1a4p 1.1~1! 80Rb15pn 0.033~8! 80Sr1a2p 14~1! 82Y13pn 5.3~3!
75Br12a3p 0.047~11! 80Kr16p ,0.006 81Rb15p 0.77~12! 81Sr14pn 4.9~3! 83Y13p 6.7~10!
74Kr13a 0.21~1! 76Rb12apn 0.094~9! 76Sr12a2n ,0.002 82Sr14p 13~1! 80Zr1a2n ,0.003
75Kr12a2pn 0.014~4! 77Rb12ap 6.1~4! 77Sr12an 0.022~3! 79Y1ap2n ,0.05 82Zr12p2n 0.40~7!
76Kr12a2p 5.7~4! 78Rb1a3pn 0.80~11! 78Sr12a 0.14~5! 80Y1apn 0.28~6! 83Zr12pn 0.58~4!
77Kr1a4pn 0.045~5! 79Rb1a3p 33~2! 79Sr1a2pn 4.6~5! 81Y13p2n 1.2~1! 84Zr12p 0.10~1!
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TABLE III. The energies of excited states in74Kr, the transitions energies and relative intensities of theg rays placed in the level
scheme, the DCO ratios and the gate used to obtain them, and the spins and parities of the initial and final states of theg rays.

Ex Eg I rel I i
p I f

p Ex Eg I rel I i
p I f

p

~keV! ~keV! ~%! RDCO Gatea (\) (\) ~keV! ~keV! ~%! RDCO Gatea (\) (\)

455.6~1! 455.6~1! 100~3! 21 01

1013.3~1! 557.7~1! 89~3! 0.95~2! A,D 41 21

1781.4~2! 768.0~2! 72~5! 1.07~2! B,D 61 41

2747.9~2! 966.5~1! 56~2! 1.05~3! B,D 81 61

3892.3~3! 1144.4~1! 44~2! 1.01~3! B,D 101 81

5179.5~3! 1287.2~2! 35~2! 1.07~4! B,D 121 101

6515.7~4! 1336.2~3! 28~2! 1.05~7! B,D 141 121

7858.3~6! 1342.6~4! 22~2! 1.12~8! B,D 161 141

9305.8~7! 1447.5~4! 16~1! 1.10~4! B,D 181 161

10881~1! 1575~1! 10~1! 1.05~5! C,D 201 181

12650~2! 1769~1! 8.0~8! 0.98~7! C,D 221 201

14687~2! 2037~1! 5.1~6! 1.07~10! C,D 241 221

17067~2! 2380~1! 2.5~5! 1.17~24! B (261) 241

19859~3! 2792~2! 1.0~2! (281) (261)

1203.2~4! 747~1! 1.1~2! (21) 21

1204~1! 1.5~5! b (21) 01

1941.4~3! 738.3~3! 1.8~3! 0.58~16! I 3(1) (21)

928~1! 1.1~2! 3(1) 41

1486.0~5! 6.4~8! 0.84~7! b H,I 3(1) 21

2613.0~2! 671.5~3! 2.3~3! 0.96~12! A,I 5(1) 3(1)

831~1! 0.5~2! 5(1) 61

1599.6~3! 4.6~5! 0.50~12! A,I 5(1) 41

3452.4~4! 839.4~7! 1.2~2! (71) 5(1)

1671~1! 0.8~3! (71) 61

4469~1! 1017~1! 0.6~2! (71)

5655~2! 1186~1! 0.4~1!

3761.3~8! 1980~1! 1.2~2! 81 61

4556.4~8! 795.2~6! 1.2~2! 101 81

1809~2! 1.5~4! b 101 81

5570.3~7! 1014~1! 2.3~5! 0.99~16! B 121 101

1678~1! 2.0~5! b 121 101

6853.1~8! 1283~1! 2.5~5! b 141 121

1673~1! 5~1! 1.09~14! B,D 141 121

8412~1! 1559~1! 3.9~4! 1.08~33! A,D (161) 141

1898~2! 0.9~2! (161) 141

9931~1! 2073~1! 2.4~3! 0.99~22! B (181) 161

10135~2! 1723~1! 3.4~8! (181) (161)

11052~1! 1746~1! 2.2~3! 181

11985~2! 1850~1! 2.0~5! (201) (181)

13925~3! 1940~2! 1.0~2! (221) (201)

16010~3! 2085~2! 0.6~1! (241) (221)

2811.7~3! 1799~1! 6.0~5! 0.65~10! B 52 41

3366.8~3! 555.1~2! 4.2~2! b 72 52

1585.7~3! 10~1! 0.56~5! B,F 72 61

4132.8~4! 766.9~5! 17~3! b 92 72

1384.3~4! 4.2~4! 0.57~10! B,E 92 81

5086.3~4! 953.5~2! 17~1! 1.01~5! B,F 112 92

6210.5~5! 1124.2~2! 16~1! 0.96~6! B,F 132 112

7487.5~6! 1277.0~3! 14~1! 1.08~6! E,F 152 132

8897.9~6! 1410.4~3! 12~1! 1.04~6! B,F 172 152

10430.3~8! 1532.4~4! 10~1! 1.06~8! B,F 192 172

12088~1! 1658~1! 8.1~6! 1.08~11! B,F 212 192

13896~2! 1808~1! 6.0~5! 1.18~23! E (232) 212

15907~2! 2011~1! 4.0~4! 1.04~20! B,F (252) (232)

18172~2! 2265~1! 2.2~4! 1.20~26! B (272) (252)

20734~3! 2562~2! 0.8~2! (292) (272)

2655.7~3! 714.3~1! 6.1~3! 0.71~6! A,G 4(2) 3(1)

1643~1! 0.4~1! 4(2) 41

3139.0~2! 327.3~3! 1.5~2! 0.66~18! B 6(2) 52

483.3~1! 5.8~3! 0.97~10! A,G 6(2) 4(2)

525.9~2! 6.8~4! 0.57~9! B,G 6(2) 5(1)

1358~1! 1.9~3! 6(2) 61

3840.2~3! 387.9~5! 1.3~2! 8(2) (71)

473.2~4! 1.0~2! 8(2) 72

701.3~2! 13~1! 1.01~7! B,H 8(2) 6(2)

4721.2~4! 881.0~2! 12~1! 1.06~6! B,H 10(2) 8(2)

5764.1~4! 1042.9~2! 11~1! 1.00~8! B,H 12(2) 10(2)

6967~1! 1203~1! 9.0~8! 1.00~9! b B,H 14(2) 12(2)

8318~1! 1351~1! 8.1~6! 1.09~11! B,H 16(2) 14(2)

9803~2! 1485~1! 6.0~8! 0.84~7! b H,I 18(2) 16(2)

11430~2! 1627~1! 4.8~4! 1.03~14! B,H 20(2) 18(2)

13193~2! 1763~1! 3.0~2! 1.10~16! B,H 22(2) 20(2)

15126~2! 1933~1! 1.7~2! (242) 22(2)

17299~3! 2173~2! 1.0~2! (262) (242)

19750~4! 2451~2! 0.4~1! (282) (262)

3005.1~6! 1992~1! 1.6~2! (52) 41

3698.3~6! 693.3~3! 1.2~2! 0.91~23! B,J 72 (52)

1917~1! 2.3~4! 0.45~9! B,J 72 61

4592.2~6! 893.9~3! 3.6~3! 1.07~14! B,J 92 72

1844~1! 0.5~1! 92 81

5658.0~9! 1065.8~6! 4.0~4! 0.97~11! B,J 112 92

6874~1! 1216.2~8! 3.8~3! 0.96~16! B,J 132 112

8219~2! 1345~1! 2.7~3! (152) 132

9684~2! 1465~1! 2.2~3! (172) (152)

11297~2! 1613~1! 1.8~3! (192) (172)

13012~3! 1715~2! 1.3~2! (212) (192)

14828~4! 1816~2! 0.7~2! (232) (212)

aA: 456 keV;B: 4561558 keV;C: 96711144112871133611343 keV;D: 45615581768 keV1C; E: 954111241127711410 keV;
F: 767 keV1E; G: 70118811104311203 keV;H: 483 keV1G; I : 456 keV1H; J: 4561558189411066 keV.
bDoublet structure.
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TABLE IV. The energies of excited states in78Sr, the transitions energies and relative intensities of theg rays placed in the level scheme,
the DCO ratios and the gate used to obtain them, and the spins and parities of the initial and final states of theg rays.

Ex Eg I rel I i
p I f

p Ex Eg I rel I i
p I f

p

~keV! ~keV! ~%! RDCO Gatea (\) (\) ~keV! ~keV! ~%! RDCO Gatea (\) (\)

277.6~1! 277.6~1! 100~4! 1.03~4! E 21 01

780.8~1! 503.2~1! 100~3! 0.98~5! C 41 21

1493.2~2! 712.4~2! 84~3! 1.09~7! A 61 41

2388.4~3! 895.2~2! 68~2! 1.07~8! C 81 61

3446.2~4! 1057.8~2! 52~2! 0.96~7! D 101 81

4657.5~5! 1211.3~3! 43~2! 1.11~9! c D 121 101

6025.4~6! 1367.9~4! 31~2! 1.07~15! D 141 121

6035.8~9! 1378~1! 11~1! 141 121

7559.0~7! 1523~1! 8~1! 161 141

1533.7~4! 21~1! 1.00~13! D 161 141

9253.7~9! 1694.7~5! 16~1! 1.00~19! D 181 161

10995~1! 1741~1! 8~1! (201) 181

11195~1! 1941~1! 6~1! c (201) 181

12981~2! 1986~2! 5~1! (221) (201)
13294~2! 2099~2! 3~1! (221) (201)
15233~4! 2252~3! 3~1! (241) (221)
17764~6! 2531~4! 2~1! (261) (241)

1478~1! 1200~1! 3~1! 21

2244~1! 766~1! 2~1!

3231~2! 987~1! 2~1!

2537.1~7! 1756~1! 4~1! (42) 41

3138.9~8! 601.7~5! 4~1! 6(2) (42)
1646~1! 6~1! 1.26~39! C 6(2) 61

3927.3~9! 788.4~5! 8~1! 1.16~27! C 8(2) 6(2)

4883~1! 956.0~5! 8~1! (102) 8(2)

5982~1! 1098.7~6! 7~1! (122) (102)
7190~2! 1208~1! 6~1! c (142) (122)
8474~2! 1284~1! 5~1! (162) (142)
9870~3! 1396~2! 4~1! (182) (162)

11428~4! 1558~3! 2~1! (202) (182)
2712~1! 1931~2! 3~1! c (52) 41

3385.0~9! 673~1! 3~1! 1.03~25! A 7(2) (52)
1892~1! 6~1! 0.54~20! A 7(2) 61

4251.1~9! 866.1~3! 8~1! (92) 7(2)

1862~2! 5~1! (92) 81

5281~1! 1030.0~5! 10~1! (112) (92)
6436~1! 1155.2~6! 9~1! (132) (112)
7671~1! 1235.0~7! 8~1! (152) (132)
8987~2! 1316~1! 7~1! (172) (152)
10448~2! 1461~1! 5~1! (192) (172)
12109~3! 1661~2! 3~1! (212) (192)

1903.3~7! 1626~1! 3~1! 21

2310.4~8! 1530~1! b 3~1! c (32) 41

2606.0~5! 703~1! 2~1! 4(2)

1825.0~5! 11~1! 0.90~24! A 4(2) 41

2860.1~5! 254.0~2! 7~1! 0.53~14! B 5(2) 4(2)

550~1! 2~1! 5(2) (32)
2080~2! 5~1! 5(2) 41

3080.1~5! 219.8~3! 2~1! (62) 5(2)

475~1! 2~1! (62) 4(2)

3173.1~6! 313.0~4! 3~1! 0.48~15! A 6(2) 5(2)

567~1! 2~1! 6(2) 4(2)

3525.7~5! 352~1! 1~1! (72) 6(2)

445.4~4! 2~1! (72) (62)
665.6~3! 6~1! (72) 5(2)

3963.9~9! 438~1! 1~1! (82) (72)
791~1! 2~1! (82) 6(2)

4401~1! 875~1! 8~1! (92) (72)
5469~2! 1068~1! 6~1! (112) (92)

aA: 278 keV;B: 2781504 keV;C: 2781712 keV;D: 27817121895 keV;E: 50417121895 keV, thick target run.
bCalculated from level energies.
cDoublet structure.
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The present study is aimed at extending the yrast
quences beyond the first proton and neutrong9/2 crossings
and at identifying positive- and negative-parity sideban
The bandhead energies provide a measure of the energy
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band-crossing frequencies, and relative alignments with
predictions of cranked shell model calculations for the th
Tz51 nuclei studied in this work. For completeness, so
aspects of the experimental level scheme for the odd-
nucleus76Rb @35# that are relevant to this study will be pre
sented also. The conclusions and a summary will be give
Sec. IV.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The experiment was performed at the 88-Inch Cyclotr
at the Lawrence Berkeley National Laboratory. High-sp
states in theTz51 nuclei were populated via the reaction
58Ni( 28Si,3a) 74Kr, 58Ni( 28Si,2a) 78Sr, and 58Ni( 28Si,
2p2n) 82Zr at 130 MeV beam energy with an average be
intensity of 5 particle nA. The experimental setup includ
the Gammasphere array@36# then comprising 57 Compton
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TABLE V. The energies of excited states in82Zr, the transitions energies and relative intensities of theg rays placed in the level scheme
the DCO ratios and the gate used to obtain them, and the spins and parities of the initial and final states of theg rays.

Ex Eg I rel I i
p I f

p Ex Eg I rel I i
p I f

p

~keV! ~keV! ~%! RDCO Gate
a

(\) (\) ~keV! ~keV! ~%! RDCO Gatea (\) (\)

407.0~1! 407.0~1! 120~4! 1.03~4! b B 21 01

1040.8~1! 633.9~1! 100~3! 1.01~3! c A 41 21

1887.9~2! 847.0~2! 76~2! 1.07~3! C 61 41

2908.6~4! 1020.7~3! 48~3! 1.15~6! D 81 61

4036.9~5! 1128.3~3! 39~2! 1.03~4! e D 101 81

5213.4~7! 1176.5~4! 31~2! 1.03~4! e D 121 101

6490.7~7! 1277.3~3! 22~1! 1.04~6! e D 141 121

7859.6~8! 1368.9~4! 15~1! 1.02~13! e D 161 141

7992~1! 1502~1! 3~1! (161) 141

9112~1! 1252~1! 7~1! 1.10~16! D 181 161

9453~1! 1461~2! 2~1! (181) (161)
1593~1! e 3~1! (181) 161

10491~2! 1379~1! 4~1! (201) 181

12127~2! 1636~1! 3~1! (221) (201)
14013~3! 1886~2! 2~1! (241) (221)
16120~5! 2107~3! 1~1! (261) (241)

1060.8~2! 653.8~2! 4~1! 21

1449.1~2! 387.7~6! 3~1! ~3!1

408.3~3!d,e 1.0~5! ~3!1 41

1041.7~3! 7~1! 0.85~9! c A ~3!1 21

2175.4~3! 726.0~2! 10~1! 0.95~12! A (5)1 (3)1

1135.2~3! 5~1! (5)1 41

3068.4~4! 893.1~3! 14~1! 0.93~7! C (7)1 (5)1

1180~1!d,e 3~1! (7)1 61

4086.3~6! 1017.9~4! 12~2! e (9)1 (7)1

5195~1! 1109~1! 10~2! 0.94~13! e C (11)1 (9)1

6406~2! 1211~1! 7~1! (131) (11)1

7680~2! 1274~1! 3~1! e (151) (131)
7750~2! 1344~1! 3~1! (151) (131)
9070~3! 1390~2! 2~1! (171) (151)
9183~3! 1433~2! 2~1! (171) (151)

2691.5~8! 1651~1! 1~1! ~42) 41

3287.2~7! 219~1! 1~1! ~62) (7)1

596~1! 1~1! ~62) ~42)
1399~1! 6~1! ~62) 61

4022.4~8! 735.3~4! 5~1! 0.92~17! C ~82) ~62)

4973.1~9! 950.6~4! 4~1! (102) ~82)
6100~1! 1127~1! e 3~1! (122) (102)
7345~2! 1245~1! 2~1! (142) (122)

2791.6~3! 1750.7~3! 4~1! 0.46~11! B 5(2) 41

3480.8~4! 689~1! 3~1! 7(2) 5(2)

1593.0~3! e 8~1! 0.67~17! C b 7(2) 61

4347.7~5! 866.9~3! 9~1! 1.07~12! C 9(2) 7(2)

1439~1! 4~1! 8(2) 81

5361.4~8! 1013.7~6! 11~1! 1.00~14! C 11(2) 10(2)

6536~1! 1174.4~7! 10~1! e 13(2) 11(2)

7688~2! 1152~1! 3~1! (152) 13(2)

7908~2! 1372~2! 3~1! e (152) 13(2)

9047~3! 1359~1! 2~1! (172) (152)
9235~3! 1327~1! 2~1! (172) (152)

2057.3~6! 1017~1! e 3~1! 41

2857.0~2! 800~1! 1~1! 52

1816.1~2! 9~1! 0.47~7! B 52 41

3128.1~3! 271.1~2! 7~1! 0.53~5! B 62 52

336.6~3! 1~1! 62 5(2)

1071~1! e 2~1! 62

3506.8~4! 377.5~6! 3~1! 0.43~7! B 72 62

650.1~4! 3~1! 72 52

1619~2! 1~1! 72 61

3946.7~4! 439.2~7! 2~1! 82 72

818.7~3! 8~1! 1.07~9! B 82 62

4444.1~8! 937~1! 3~1! (92) 72

4908.3~6! 464~1! 1~1! 102 (92)
961.7~4! 8~1! 1.07~10! B 102 82

5550~2! 1106~2! 2~1! e (112) (92)
5989.1~8! 1080.8~5! 8~1! 1.21~19! C 122 102

7041.6~9! 1052.5~5! 6~1! 0.99~20! C 142 122

8114~1! 1072~1! 5~1! 1.01~16! e C 162 142

9339~2! 1225~1! 4~1! (182) 162

10753~2! 1414~1! 3~1! (202) (182)
12365~3! 1612~2! 2~1! (222) (202)

aA: 407 keV;B: 634 keV;C: 4071634 keV;D: 40716341847 keV.
bResult from backed target run.
cMean value from thin and backed target run.
dCalculated from level energies.
eDoublet structure.
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suppressed Ge detectors, and the 4p charged-particle detec
tor array Microball, which consists of 95 CsI~Tl! scintillators
with photodiode read-out@37#. The 57 Ge detectors wer
arranged in rings at 31.7°~5 detectors!, 37.4° ~5!, 50.1° ~9!,
79.2° ~1!, 80.7° ~1!, 90.0° ~5!, 99.3° ~1!, 100.8° ~1!, 121.7°
~5!, 129.9° ~10!, 142.6° ~5!, 148.3° ~4!, and 162.7°~5!. The
event trigger required three or more Ge detectors firing. I
days of beam time 1.33109 events were collected with
99.7% enriched, 330mg/cm2 thin self-supporting58Ni target
4

foil. In the final two shifts, a backed target, consisting of
420 mg/cm2 layer of 58Ni evaporated onto a 10.5 mg/cm2

thick Ta foil, was used to accumulate some 3.03108 events.
Due to the much larger amount of secondary electrons ori
nating from the thick target, the counting rates of the ind
vidual Microball elements increased from about 4000 t
6000 counts per s, even though the beam intensity was
duced by a factor of 2. This enhanced background radiati
led to a worse charged-particle identification, but in th
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56 103SYSTEMATICS OF EVEN-EVENTz51 NUCLEI IN THE . . .
course of the off-line analysis we found the performance
Microball still reasonable and at least helpful in terms
reaction-channel selection. At the end of the experiment,
Ge detectors were energy and efficiency calibrated w
56Co and152Eu sources.
The events were sorted off line into variousEg-Eg matri-

ces andEg-Eg-Eg cubes subject to the appropriate charge
particle and analysis conditions. A summary is presente
Table I. Proton and alpha particles were identified a
cleanly separated using two independent pulse-shape
crimination techniques@37#. The efficiency of the whole de
tection and trigger system, including a restrictive off-lin
procedure for clean particle identification, was found to
78~1!% for protons and 63~2!% for a particles in this experi-
ment. The reduced efficiency for thea particles is mainly
due to the absorbers in front of the Microball detectors.
addition to the exit-channel selection, the Microball da
were used to determine the momenta of the recoiling resid
nucleus from an event-by-event evaluation of the mome
of all emitted charged particles. This allowed a prec
Doppler-shift correction to be made and considerably
proved the overallg-ray energy resolution. The 2p and 2a
gates contained sizable admixtures of higher charged-par
folds (3p, 4p, a2p, a3p, 2a2p, and 2ap, 2a2p, 3a, re-
spectively! which leaked through when one or two protons
a particles escaped detection.

Table II shows the experimental relative cross sections
the reaction28Si1 58Ni which are deduced from the yields o
known ground-state and bandhead transitions in vari
spectra with different charged-particle gating conditions. B
cause of the energy loss in the target foil, the mean be
energy is approximately 128 MeV. The large numb
('30) of detectable reaction channels requires the us
Microball for the selection of weak channels or structu
such as superdeformed bands or excited states inN'Z nu-
clei. Due to the high beam energy, the number of evapora
particles per event is approximately four. The rawg-ray
spectra are dominated by the pure charged-particle chan
79Rb1a3p, 80Sr1a2p, and 82Sr14p. Double-a evapora-
tion channels such as77Rb and76Kr are also comparatively
strong ('5% of the total fusion cross section! and are simi-
lar to the multi-proton one-neutron channels (82Y13pn,
81Sr14pn, 79Sr1a2pn). The relative yields of the even
evenTz51 nuclei are'0.5% and provide enough statistic
in this experiment to deduce extensive level schemes.
relative cross sections leading to theN5Z nuclei 80Zr and
76Sr are too small to provide considerable new informati
A perfect ~100% detection efficiency and no misidentific
tion! 1a0p particle gate should contain almost exclusive
transitions from the reaction channel80Zr 1 a2n. In this
experiment, however, only a coincidence relationship
tween the two knowng rays@38# and two candidates for th
61→ 41 transition at 770 or 792 keV could be found. Th
leak through from other reaction channels due to the esca
protons anda particles was overwhelming. For example, t
transitions from80Sr are a factor of'250 more intense than
those of 80Zr in the 1a0p gated spectra. Even if the dete
tion efficiency for protons were to be 95%, this factor wou
be'10.

The geometry of the Gammasphere also allowed the
signments of spins based on the angular correlations of
f
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g rays. For this purpose matrices were constructed in wh
g events recorded between 80° and 100° were sorted ag
those recorded at 31.7°, 37.4°, 142.6°, 148.3°, or 162.7
coincidence with the appropriate charged particles~see Table
I! detected in Microball. The inclusion of Ge detectors
nearly the same angles does not significantly affect
analysis. The cosines of the detector angles around 90°
erage to the cosine of an angle at 86° and those of the la
five angles to the cosine of 32°~the angular distribution of
g rays following heavy ion fusion evaporation reactions
symmetric with respect to 90°). Pairs of gated spectra m
be used to obtain directional correlations of oriented sta
~DCO ratios!, defined as

RDCO~g1 ,g2!5
I ~g1 at 32°; gated withg2 at 86°!

I ~g1 at 86°; gated withg2 at 32°!
,

~1!

whereg2 is a stretchedE2 transition. The DCO ratios were
not corrected for detection efficiency because the rela
efficiency of the detectors at ‘‘32°’’ and ‘‘86°’’ were found
to be equal within the 3% accuracy of the efficiency calib
tion. The DCO ratios obtained are given in Tables III–
together with the corresponding gates. In most cases g
were summed up in order to improve statistics. This pro
dure does not significantly affect the results as shown in R
@39#. The expected DCO ratios areRDCO51.0 for a stretched
E2 transition andRDCO'0.5–0.6 for a stretched dipole tran
sition. Depending on the multipole mixing ratiod(E2/M1),
the DCO ratio may differ from these values. Matrices we
generated for both the thin and the thick target experime
The thick-target data were especially helpful in determin
the DCO ratios and, hence, multipolarities of the interba
transitions between the sidebands and the positive-pa
yrast cascades. Since the lifetimes of these states are
cally on the order of picoseconds, the correspondingg rays
are emitted when the recoiling nuclei are at rest. This lead
clean sharp lines in the spectra which here allow for a pro
analysis despite a decrease of the overall statistics.

The spin assignments are also based on intensity a
ments; i.e., the more intense a band or transition is the clo
to the yrast line it is supposed to be. If the transitions are
weak to deduce DCO ratios,E2 character is tentatively as
signed to the transitions on top of rotational bands. Hig
energy~1.5–2.0 MeV! DI51 transitions with magnetic di-
pole character contain most likely a sizable amount
electric quadrupole radiation. Thus the DCO ratios defined
Eq. ~1! lie between the values presented for pure stretc
dipole and pure stretched quadrupole radiation. Howe
parity changing electric dipole transitions are expected to
pure in the g-ray energy range considered. Therefo
DI51 E1 character has been attributed if the DCO ratios
high-energyg rays depopulating bandheads were consist
with RDCO'0.55 and their uncertainties were less than so
20%. Otherwise, the parities~and spins! of the corresponding
level have been placed in parantheses.

The more extensive studies with the largeg-detector ar-
rays such as Eurogam or Gammasphere have revealed
and more forkings at high rotational frequencies. Therefo
distinct coincidence relationships between the two high
lying transitions are demanded for building the level schem
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104 56D. RUDOLPHet al.
Otherwise, the transitions are dashed and tentatively pla
on top of the bands based on the expected increas
g-ray energies in rotational bands~e.g., the transitions with
1816, 2085, and 2451 keV in Fig. 1!.

A. Experimental results for 74Kr

Excited states in74Kr were first observed by Pierceyet al.
@40# up to theIp581 state. The level scheme was extend
by Rothet al. @41#, who also measured lifetimes of the fir
two excited states using the recoil distance Doppler s
~RDDS! technique. The yrast states above the 101 state and
the sidebands were corrected and extended in studies o
bor et al. @20# and Heeseet al. @21#. They presented consis
tent level schemes up to a tentative 201 level at 11 MeV
excitation energy, the beginnnings of two negative-pa
bands, as well as lifetimes in the yrast band measured
the Doppler shift attenuation~DSA! method. The major find-
ings were a prolate-oblate shape coexistence at low s
(21, 41 levels, see also@7#!, and a simultaneous proton an
neutron g9/2 band crossing at a rotational frequency
\v50.66 MeV in the strongly deformed prolate (b2'0.4)
positive-parity yrast cascade.

The level scheme of74Kr deduced from the present wor
is presented in Fig. 1 and summarized in Table III. T

FIG. 1. Proposed partial level scheme of74Kr. The energy labels
are given in keV. The widths of the arrows are proportional to
relative intensities of theg rays. Tentative transitions and levels a
dashed.
ed
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positive-parity yrast sequence was extended to a likely s
Ip5281 at 20 MeV excitation energy. The previously re
ported high-spin scheme@20,21# was confirmed with the ex-
ception of the tentative 1560 keV 201→ 181 transition@21#,
which is assigned to be 1575 keV in this work. The negati
parity yrast bands reach spins ofIp5282 and 292 at 20 and
21 MeV excitation energy, respectively. These values
amongst the highest observed for normally deformed ba
in this mass region@19,26#. In the bandhead region of th
p52, signaturea50 band, a few of the previously tenta
tive spin assignments were changed. Therefore, only n
levels in the known cascades and the three rotational ba
observed will be discussed in the following.

Figure 2 showsg-ray spectra for the74Kr13a reaction
channel obtained by summing up a number of spectra sub
to different gating conditions. Figure 2~a! is the sum of spec-
tra in coincidence with the 1575, 1769, 2037, and 2380 k

e

FIG. 2. Coincidence spectra of74Kr: ~a! sum of the spectra in
coincidence with the 1575, 1769, 2037, and 2380 keV transiti
(p51, a50 yrast band! in the 3a-gatedgg matrix; ~b! sum of
double-gated spectra in the 2- or 3a-gated cube with one gate bein
the 456 or 558 keV transition and the second the 795, 1014, 1
1673, 1678, 1723, or 1850 keV transition (p51, a50 yrare
band!; ~c! sum of spectra in coincidence with the 1124, 1277, a
1410 keV transitions (p52, a51 yrast band! in the 3a-gated
gg matrix; ~d! sum of spectra in coincidence with the 483, 70
1043, 1203, and 1485 keV transitions (p52, a50 yrast band! in
the 3a-gatedgg matrix; and~e! sum of double-gated spectra in th
2- or 3a-gated cube with one gate being the 456 or 558 keV tr
sition and the second the 793, 894, 1066, 1216, 1917, or 1992
transition (p52, a51 yrare band!. The energy labels are given i
keV.
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56 105SYSTEMATICS OF EVEN-EVENTz51 NUCLEI IN THE . . .
transitions in the 3a-gated gg matrix. It illustrates the
positive-parity yrast sequence and, especially in view of
peak at 2792 keV, the extremely good peak to backgro
ratio that results from 3a-particle gating and kinematic cor
rection. Figures 2~c! and 2~d! show the two signatures of th
negative-parity yrast band. The gating conditions can
found in the figure caption. Figures 2~b! and 2~e! illustrate
the new positive- and negative-parity yrare bands via su
of doubly gated spectra in aggg cube gated with two or
threea particles. Theg gate on one axis was used to sele
74Kr ~456 or 558 keV!, while a second gate selected the ba
to be displayed. The peak to background ratio becom
somewhat worse but the in-band and high-energy interb
transitions@e.g., the 1917 and 1992 keV transitions in F
2~e!# can clearly be seen and attributed to74Kr. The transi-
tions connecting the various bands to the main positi
parity yrast band and their characteristics~energies, intensi-
ties, multipolarities! can also be nicely deduced from th
thick-target experiment. In general, the recoiling nuclei are
rest by the time theg cascade reaches the bandhead reg
Hence, the lines in the spectra belonging to transitions
populating these states are sharp whereas those of co
rable g-ray energy at the top of the bands have Doppl
broadened and Doppler-shifted line shapes.

The DCO ratios of the 1586 keV 72→ 61 @RDCO

50.56(5)# and 1384 keV 92→ 81 @RDCO50.57(10)# tran-
sitions were used to fix the spins and parities of the yr
(p,a)5 ~–,1! band. The same argument holds for the 19
keV 72→ 61 transition for the yrare~–,1! band. Based on
systematics and intensity arguments, the level at 1203 ke
most likely the first excited 21 state. Neither the 747 nor th
1204 keV transition is intense enough to deduce DCO rat
The DCO ratio of the 738 keV transition provides eviden
for a spin I53 for the 1941 keV level and the abnormal
large DCO ratio of the 1486 keV transition~for a dipole
transition! suggests positive parity for that level. The 14
keV transition is a~self-coincident! doublet with the 1485
keV transition in the~–,0! yrast band. However, the thick
target experiment confirmed the relatively large DCO ra
of the low lying 3(1)→ 21 transition. The DCO ratios of the
672 and 1600 keV transitions determine the spin and pa
of the 2613 keV 5(1) state, and those of the 714, 526, 48
and 327 keV transitions allow us to determine the spins
the 2656 (I54) and 3139 keV (I56) levels. With the
present more complete information, the spins of the the 2
and 2656 keV levels had to be interchanged with respec
Refs. @20,21#, even though the DCO ratios of the 483 a
526 keV transitions in Table III agree with those given
Ref. @20#. The parity of these levels and the band cannot
rigorously determined on the basis of the available data.
pattern of the whole band, however, strongly favors it to
the signature partner of the yrast~–,1! band. The spin and
parity of the yrare~1,0! band is determined by the DCO
ratio of the 1673 keV 141→ 121 transition. All transitions
in the yrast~1,0! band haveE2 character and because th
same number of transitions exist in both bands between
yrare 141 and yrast 61 states, the transitions below the 685
keV 141 state in the yrare band must also haveE2 charac-
ter.
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B. Experimental results for 78Sr

Listeret al. @10# reported the positive-parity yrast casca
in 78Sr up to the 101 state. Their measurement of the life
times of the first two excited states~RDDS! indicate E2
transition strengths of more than 100 Weisskopf units. Gr
et al. @42,34# extended this sequence up to a tentative spin
Ip5221, but neither positive- nor negative-parity side ban
were established. A band crossing was observed
\v'0.55 MeV, and two~or more! bands in 78Sr seem to
interact strongly and over a large range of frequencies, wh
is rather unsusual for this mass region. The cascade in78Sr
was found to be identical to the negative-parity bands
77Sr and, partly, the high-spin part of the band built upon
42 state in 78Rb @34#. This strongly suggested that th
@301#3/2 Nilsson orbital acts as a spectator in the negati
parity bands.

Figure 3 shows the largely extended level scheme
78Sr from the present work. The data are compiled in Ta
IV. The known level scheme of78Sr @10,42,34# has essen-
tially been confirmed. The 1941 keV~1939 keV in Ref.@34#!
transition was found to be in coincidence with all the tran
tions in the yrast~1,0! band with the exception of the 174
keV transition. Hence, a forking is observed at high exci
tion energies. The situation is illustrated in Fig. 4. The sp
tra in Figs. 4 are the sums of doubly gated spectra in
2a-gatedggg cube. In Fig. 4~a! oneg gate selects the~1,0!
yrast band below the 9254 keV 181 state, and the secon
g gate selects the left part of the forking in Fig. 3~the 503
keV 41→ 21 transition was excluded because it is a doub
with the strong 502 keV 13/21→ 9/21 transition in the

FIG. 3. Proposed partial level scheme of78Sr. The energy labels
are given in keV. The widths of the arrows are proportional to
relative intensities of theg rays. Tentative transitions and levels a
dashed.
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2ap channel77Rb @16,26#!. In Fig. 4~b! the right branch was
used for the secondg gate. Clearly, the 1741 and 1941 ke
transitions are not in coincidence. The coincidence betw
the 1986 and 2252 keV transitions cannot be proven. He
the transitions on top of the 12981 keV level are tentati
The 2099 keV transition in the right branch was confirm
by means ofg-gated spectra from the 2a-gatedgg matrix.
Another new feature in the~1,0! sequence is the existence
a second 141 level only 11 keV above the yrast level. The
are some indications for the presence of a 1585 keV tra
tion feeding into the yrare 141 level. However, our search
failed to find possible links to the 11 195 keV~201) state.

According to its DCO ratio the character of the 1892 ke
transition is most likelyE1. However, the large uncertaint
would also allow a mixedE2/M1 radiation for this transi-
tion. Thus the 3385 keV level is assigned to have a s
I57 and most likely negative parity. The DCO ratio of th

FIG. 4. Coincidence spectra of78Sr: ~a! sum of double-gated
spectra in the 2a-gated cube with one gate being the 278, 712, 8
1058, 1211, 1368, 1534 or 1695 keV transition and the second
1741, 1986, or 2252 keV transition;~b! same as~a! but the second
gate being the 1941 or 2099 keV transition~both p51, a50
bands!; ~c! sum of double-gated spectra in the 2a-gated cube with
one gate being the 278, 503, or 712 keV transition and the sec
the 602, 788, or 956 keV transition (p52, a50 yrast band!; ~d!
sum of double-gated spectra in the 2a-gated cube with one gat
being the 278 keV transition and the second the 673, 866, 1
1155, 1235, 1316, 1461, 1892, or 1931 keV transition (p52,
a51 yrast band!; and ~e! sum of double-gated spectra in the
a-gated cube with one gate being the 278 or 503 keV transition
the second the 220, 254, 313, 352, 445. 567, 666, 875, 1068, 1
or 2080 keV transition (p52 yrare bands!.
n
e,
.

i-

in

1646 keV transition is consistent with either aDI50 or
DI52 transition. Assuming the latter, the 5982 keV and
higher lying levels in this band would be yrast. This wou
however, disagree with the observed intensities and the l
sequence of this band strongly suggests it to be the signa
partner of the previously mentioned negative-parity ba
Figures 4~c! and 4~d! illustrate these two bands. Figure 4~e!
shows the structure placed on the right-hand side of Fig
The DCO ratio of the 1825 keV transition is consistent w
aDI50 transition, and according to intensity arguments
2606 keV state must have a spin ofI54. The presence of the
interconnectingDI51 ~see Table IV! with parallelE2 tran-
sitions in conjunction with the absence of strong signat
splitting again favors negative parity for this weakly pop
lated sequence.

Finally, a tentative cascade was found that feeds into
278 keV 21 state ~left-hand side of Fig. 3!. In terms of
g-ray energies it might correspond to a 51→ 31

→ 21→ 21 cascade similar to the ones in74Kr ~Fig. 1!,
82Zr ~Fig. 5! and other even-even isotopes in the regi
@15,43#.

C. Experimental results for 82Zr

In an early study, the 21, 41, and 61 states in82Zr were
tentatively identified@44# and confirmed by Mitaraiet al.
@45#. They extended the positive-parity band up to a tentat
spin of Ip5201 and reported one tentative side band. D

,
he

nd

0,

d
25,

FIG. 5. Proposed partial level scheme of82Zr. The energy labels
are given in keV. The widths of the arrows are proportional to
relative intensities of theg rays. Tentative transitions and levels a
dashed.
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tinct band crossings were observed at\v50.57 MeV and
\v50.69 MeV and attributed to consecutive proton a
neutrong9/2 alignments. Finally, Chishtiet al. @46# measured
the lifetimes~RDDS! of the first two excited states. Both th
rotationallike sequence of states and the transition stren
indicate a deformed (b2'0.3) shape.

In Fig. 5 the level scheme of82Zr as deduced from the
present work is presented and a summary can be foun
Table V. The level scheme is consistent with the previo
work up to the 7860 keV 161 state and the tentative side
band @45# has been confirmed. The reported 1375 k
(181)→(161) and tentative 1592 keV (201)→(181) tran-
sitions were found to belong to82Zr. However, a 1252 keV
transition replaced the 1375 keV transition which is no
placed as a 1379 keV transition on top of the 9112 k
181 state. The 1593 keVg ray is a doublet. With about 2/3
of its intensity carried by a new 7(2)→ 61 transition, it also
is in coincidence with higher lying transitions in the yra

FIG. 6. Coincidence spectra of82Zr: ~a! sum of double-gated
spectra in the 2p-gated cube with one gate being the 407 or 6
keV transition and the second the 726, 893, 1042, 1109, or 1
keV transition (p51, a51 yrast band!; ~b! sum of double-gated
spectra in the 2p-gated cube with one gate being the 407, 634,
847 keV transition and the second the 1252, 1277, 1369, 1379
1636 keV transition (p51, a50 yrast band!; ~c! same as~b! but
the second gate being the 735, 951, or 1399 keV transi
(p52, a50 yrare band!; ~d! same as~b! but the second gate
being the 689, 867, 1439, 1593, or 1751 keV transition (p52,
a51 yrast band!; and~e! same as~a! but the second gate being th
271, 378, 650, 819, 962, 1053, 1072, 1081, 1225, or 1816
transition (p52, a50 yrast band!. The energy labels are given i
keV.
hs

in
s

~1,0! band including the 1369 keV 161→ 141 transition.
The construction of the new82Zr level scheme is mainly
based on the analysis of the 2p-gatedggg cube. Since only
a few percent of the raw 2p-gated events originate from
82Zr, the 2p-gatedgg matrices contained many strong co
taminating transitions. Fortunately, the first three transitio
~407, 634, and 847 keV! in the main~1,0! yrast band were
found to be essentially clean. For example, only weak tr
sitions in 82Sr14p ~409 keV 181→ 171) and 79Rb1a3p
~407 keV 13/22→ 11/22) contaminated the 407 keV gate o
82Zr. Depending on the part of the82Zr level scheme to be
analyzed, these first two or first three transitions were use
select82Zr in the 2p-gatedggg cube. The secondg gate to
be applied was then taken from transitions within the vario
bands shown in Fig. 5.

Figure 6 illustrates sums of doubly gated spectra in
2p-gated cube prepared with the procedure described ab
Figure 6~b! presents the positive-parity yrast sequenc
which was extended up to a probable spin ofIp526 at 16
MeV excitation energy. Definite spin assignments were p
sible up to the 9112 keV 181 level. The yrare states at 799
and 9453 keV may represent the continuation of the 2 q
siparticle ~qp! band. On the left-hand side of Fig. 5 and
Fig. 6~a!, the previously tentatively~1042, 726, and 893
keV! assigned side band is shown. Similar to the 1486 k
transition in 74Kr, the DCO ratio of the 1042 keV transition
lies in between the expected values for pureDI51 and
DI52 transitions@RDCO50.85(9)# for both the thin- and the
backed-target runs. This DCO ratio excludes a par
changingE1 DI51 character and anE1 DI50 assignment
is unlikely in terms of the DCO ratio, systematics, and inte
sity arguments. The band is significantly more intense th
the structure built upon the 2692 keV~42) state. Finally, the
existence of the 408 keV transition rules out a 22 assign-
ment for the 1449 keV level. The intensity argument a
favors aDI51 assignment, butDI50 cannot be ruled ou
completely. Therefore, the spin-parity assignment of
1449 keV state isIp5(3)1. Similar to the neighboring even
even nuclei the level at 1061 keV most likely represents
first excited 21 state.

Figures 6~c! and 6~d! show the two bands in the middle o
the level scheme of Fig. 5. Arguments similar to those in
cases of74Kr and 78Sr may be used to assign the spins an
tentative negative parity. For the structure on the right-ha
side of Fig. 5 the DCO ratio of the 1816 keV transitio

TABLE VI. Lifetimes, transition strengths, quadrupole mo
ments, and deformation parameters in the axial symmetric limit
positive-parity yrast states in82Zr.

Ex I i
p Eg t B(E2) uQtu

~keV! (\) ~keV! ~ps! (e2 fm4) (e b! ub2u

6491 141 1277 ,0.39a .610 .1.32 .0.15

5213 121 1177 0.19~6! 1910(470
910) 2.36(31

51) 0.26~5!

4037 101 1128 0.23~6! 1940(420
710) 2.40(27

41) 0.27~4!

2909 81 1021 0.32~8! 2300(480
800) 2.65(29

43) 0.29~4!

1041 41 634 ,10a,b .790 .1.67 .0.19
407 21 407 40~4! b 1830(180

220) 3.03(16
18) 0.33~2!

aEffective lifetime not corrected for feeding.
bFrom Ref.@46#.
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@RDCO50.47(7)# was used to fix the spin and parity of th
2857 keV level. Thereafter, the DCO ratios of theDI51,
271, and 378 keV as well as higher lyingE2 transitions were
used to determine the spins within that band. A number
single and doubly gated spectra indicated an enhanced in
sity for the 1072 keV 162→ 142 transition suggesting the
tentative structure in the lower right corner of Fig. 5.

Due to the comparatively clean gating conditions me
tioned above, it was possible to deduce a few lifetimes
states in the yrast~1,0! band from the backed target expe
ment. The results are summarized in Table VI, including
lifetime values deduced earlier for the two lowest states@46#.
An example of a Doppler-shifted line-shape analysis is p
sented in Fig. 7. The line shape of the 1128 keV 101→ 81

transition is shown at backward@Q̄5145°, Fig. 7~a!# and
forward@Q̄535°, Fig. 7~b!# angles. The thick lines represe
the results of least-squares fits to the spectra. Based on
stopping-power theory of Lindhardet al. @47# the velocity
distribution of the recoiling nuclei was Monte Carlo sim
lated with the codeDESASTOP@48,49#. TheQ value of the
reaction and the energy and angular distributions of
evaporated light particles, the angular straggling of the
coils, and the opening cone of the Ge detectors were ta
into account.

The lifetime of the 6491 keV 141 state was determine
effectively; i.e., without corrections for the side and casca
feeding, as the lifetimes of higher lying discrete levels a
unknown. For the determination of the lifetimes of the low
lying states, both side and cascade feeding was included.
peak of the 847 keV 61→ 41 transition showed no obviou
Doppler-broadened line shape. Hence, a lifetime for the 1
keV 61 state could not be deduced. Figure 7~d! illustrates
the feeding pattern used for the 1128 keV 101→ 81 transi-
tion. The sidefeeding times were taken from an empirica
parametrized correlation between the excitation energyEx

FIG. 7. Example of the line-shape analysis of the 1128 k
101→ 81 transition in 82Zr. The observed and fitted~thick lines!

line-shapes in the backward (Q̄5145°) and the forward

(Q̄535°) Ge-detector rings are shown in~a! and~b!. ~c! illustrates
the distribution of fit results to the line shapes in~a! and ~b! using
the feeding pattern shown in~d! and a Monte Carlo variation of the
feeding times within their errors. The vertical line in~c! represents
the peak position of a Gaussian fit to this distribution, the das
lines correspond to the FWHM of that fit. In Table VI a 20% sy
tematic error is added due to uncertainties in the stopping-po
function and sidefeeding times.
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and the sidefeeding timetsf in this mass region presented
Ref. @50#. A generous uncertainty of 30% was imposed
these feeding times since they may vary considerably fr
nucleus to nucleus or even from rotational band to rotatio
band@51#. To account for the uncertainties in the side- a
cascade-feeding pattern, least-squares fits were perfor
with the feeding times and intensities varied randomly with
their errors. Figure 7~c! shows the distribution of the fitted
lifetimes of the 4037 keV 101 level for 500 different feeding
scenarios. In Table VI the centroid of this distribution
adopted as the lifetime. The error corresponds to the
width at half maxima of distributions such as Fig. 7~c!. An
additional 20% systematic error accounts for possible un
tainties in the slowing-down process.

III. DISCUSSION

The high-spin data of theTz51 Kr, Rb, Sr, and Zr nuclei
have been analyzed using the pairing-and-deformation s
consistent total Routhian surface~TRS! model. The model is
based on the macroscopic-microscopic method of Strutin
@52#. The macroscopic part of the total energy is calcula
according to the mass formula of Ref.@53# and the single-
particle potential is of Woods-Saxon type. The pairing cha
nel includes seniority and doubly stretched quadrupole p
ing interactions to avoid spurious shape dependence@54#. To
avoid a superfluid-to-normal phase transition due to
mean-field approximation, we employ an approxima
particle-number projection known as the Lipkin-Nogam
method@55,56#. The total Routhian~expectation value of the
cranking Hamiltonian in the rotating frame of reference! is
minimized with respect to the quadrupole (b2, g) and hexa-
decapole (b4) deformation parameters. The details of o
calculations strictly follow Refs.@56,57#. The present version
of our code allows us to block self-consistently only t
lowest quasiparticle states in each parity-signature (p,a)
block. In the following we will use the standard spectr
scopic notation, namelyA, B, E, and F, to label the 1qp
configurations that correspond to (1,1), (1,2), (2,2),
and (2,1) combinations of parity and signature quantu
numbers, respectively.

The low level density of nuclear states simplifies possi
theoretical assignments of the low lying excited bands
terms of 2qp excitations. The single-particle orbitals of int
est are@431#3/2 and@312#3/2 ~and to some extent@310#1/2
and@303#7/2! below theN538 subshell closure, the@422#5/
2 orbital separating theN538 andN540 subshell gaps, and
the @301#3/2 and~at even larger deformation! @431#1/2 states
above theN540 shell gap. The appropriate Nilsson di
grams are presented in Fig. 8. In our calculations, only
@431#3/2 orbital shows large signature splitting at large p
late deformation. At this shape some signature splitting
also predicted for the@310#1/2 orbital but the remaining
states listed above do not show any sizable signature s
ting. The calculated signature splittings of the@431#3/2,
@422#5/2, @312#3/2, and@301#3/2 orbitals agree well with the
empirical data in, e.g., the odd-A nuclei 75Rb, 77Rb, 77Sr,
and 79Sr ~see, e.g.,@58#!. One might expect signature spli
ting to be present in the@431#1/2 orbital. However, in terms
of the spherical shell model the@431#1/2 state is a mixture of
orbitals originating from thed5/2 and g7/2 states that have
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56 109SYSTEMATICS OF EVEN-EVENTz51 NUCLEI IN THE . . .
opposite signature splitting. The resulting lack of signat
splitting is, therefore, due to cancellation that appears
large prolate deformations only.

The calculated minima at large deformations are predic
to be rather shallow and to coexist with oblate structur
The shallowness of the energy surface is indicated by, e
the low lying g-vibrational bands that are commonly o
served experimentally in this region. The 22

1 states lie at an
excitation energy of 1.204 MeV in74Kr, possibly at 1.478
MeV in 78Sr, and at 1.061 MeV in82Zr. The vibrational
degrees of freedom are beyond our model and neither
g-vibrational bands nor vibration-rotation coupling are i
cluded in the discussion in a quantitative way. The sh
softness further implies~at least theoretically! that the shape
is very sensitive to the rotation-induced alignments. In fa
almost all the calculated bands in this mass region sh
pronounced shape changes at rotational frequencies c
sponding to the alignments of nucleons occupying sta
originating from pg9/2 and ng9/2 subshells. Satisfactory
agreement between theory and experiment in theTz51 nu-
clei analyzed here as well as in theTz51/2, 75Rb and 77Sr
nuclei analyzed in Ref.@58# supports this scenario. Recentl
the lifetimes in positive-parity bands of77Rb have been mea
sured and the extracted transitional quadrupole moments
crease substantially as a function of rotational frequency@26#
which strongly supports the scenario of a shape change

FIG. 8. Neutron~top! and proton~bottom! single-particle levels
in 78Sr as a function of the quadrupole deformationb2(b450)
deduced from a Woods-Saxon potential. The diagrams are repre
tative for N'Z nuclei in theA'80 mass region. Positive-parit
orbits are indicated with solid lines, negative-parity orbits w
dashed lines. The spherical quantum numbers are given as we
the asymptotic Nilsson quantum numbers@NnzL#V. Note that es-
pecially some of the negative-parity levels are strongly mixed. T
numbers denote the nucleon numbers at pronounced or impo
shell gaps.
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A. Band structures in 74Kr

1. The positive-parity bands

The irregular pattern at the beginning of the positiv
parity yrast band in74Kr (Z536, N538) is attributed to a
prolate-oblate shape mixing at low spins@5,7#. Thereafter, a
well-deformed prolate band evolves and the irregular
around spinI514 has been interpreted as due to the sim
taneous alignments of the proton and neutrong9/2 orbitals
@21#.

The calculated and experimental Routhians for positi
and negative-parity bands in74Kr are shown in Figs. 9~a!
and 9~b!. Due to theN538 subshell closure, neutron 2q
excitations are predicted to lie at much higher excitation
ergies than the 2qp proton excitations over the entire
quency range. The lowest 2qp positive-parity band is, the
fore, expected to be built on a (pg9/2)

2 (AB) configuration.
The 2qp positive-parity band involving negative-parity orb
als likep@312#3/2 ~theEF configuration! is predicted to lie
higher in energy, at least at low spins. These observations
in agreement with the exprimental Routhians of75Rb @58#.

The agreement between theory and experiment for
positive-parity bands is satisfactory@see Fig. 9~a!#. The
crossing between ground-state band~gsb! and S band at
\v'0.65 MeV is well accounted for in the calculations,
illustrated in Fig. 9~b!. Its structure is rather complex: Th
alignment of a pair ofg9/2 protons induces a shape chan
resulting in a simultanous alignment ofg9/2 neutrons that in
turn induces even larger shape distortions, as suggested
discussed in detail in Ref.@21#. In particular, the quadrupole
deformation of this band is predicted to drop fro
b2'0.38 at low frequencies to belowb2'0.30 after the
alignment. This is accompanied by a substantial chang
the hexadecapole deformation fromb4'0.0 to almost
b4'20.05, but the shape is predicted to remain prolate. T
magnitude of these changes is typical of most of the ba
calculated here but, with increasing mass, the aligningg9/2
quasiparticles lead to triaxial shapes.

The excited band reveals a clear shift of the crossing
quency with respect to the gsb byD(\v)'0.3 MeV @see
Fig. 9~a!#. This shift is a natural result of the blocking of th
p@431#3/2 orbital. The observed band crossing is due to
alignment of a (ng9/2)

2 neutron pair. At large prolate defor
mation, the neutron (ng9/2)

2 alignment is expected to tak
place at larger rotational frequencies than the correspon
proton (pg9/2)

2 alignment due to the position of the neutro
Fermi level which is higher in theg9/2 shell. The shift of the
crossing frequency supports the (pg9/2)

2 assignment for the
observed 2qp band. However, at low frequencies, our mo
clearly underestimates the excitation energy of this ba
Moreover, relatively strong linking transitions to the gs
make it difficult to pursue a pure 2qp scenario, suggest
possibly vibrational admixtures.

2. The negative-parity bands

At prolate deformation, the negative-parity bandheads
be easily generated by breaking a pair of protons below
N,Z538 gap rather than exciting a neutron across the g
Possible configurations arep@312#3/2^ p@431#3/2, and,
energetically less favored,p@310#1/2^ p@431#3/2, or
p@303#7/2^ p@431#3/2. The calculation assigns the tw
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110 56D. RUDOLPHet al.
FIG. 9. Theoretical and experimental cranked-shell model quantities for74Kr. ~a! The experimental~solid symbols! and theoretical~open
symbols! Routhians vs the rotational frequency for the positive-parity ground-state band~gsb! and the signaturea50 sideband (AB). ~b!
The experimental~large symbols! and theoretical~small symbols! Routhians vs the rotational frequency for the negative-parity side band
74Kr. Open ~solid! squares denote configurations of signaturea521 ~0!, respectively. Open circles denote the empirical data for
weakest negative-parity sideband. The triangles label the results for the gsb. These data are included here to illustrate the relative
energy scheme as a function of rotational frequency.~c! The aligned angular momentum vs rotational frequency for the gsb in74Kr. Large
symbols denote the empirical data while small symbols label the result of the calculations. The individual proton and neutron cont
to the I x are depicted separately.~d! A plot of the aligned angular momentum as a function of rotational frequency for the negative-
sideband of signaturea50 (AE) in 74Kr. Open squares denote the empirical data while solid squares denote the result of the calcu
The individual proton and neutron contributions are also shown. The agreement between the data and the calculations for thea51 signature
partner (AF) is similar.
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lowest, strongly populated, negative-parity bands
p @431# a51/2^ p @312# a561/2. The calculated bands nicel
reproduce the experimental data but show an offset of
order of'300 keV in excitation energy relative to the gsb.
similar shift is obtained for the@312#3/2a561/2, 1qp bands
in 75Rb @58# suggesting that the relative position of theg9/2
and f 5/2 orbitals is misplaced by the corresponding amoun
our Woods-Saxon potential. Small deviations for the cal
lated signature splitting are also seen but, as discusse
Ref. @58#, the signature splitting of the@312#3/2 orbital is
very sensitive to the triaxiality of the shape and can easily
inverted wheng changes sign.

The third ~weakest! negative-parity band can be assign
as thep @431# a51/2 coupled to thep@310#1/2 ~pseudospin
partner of@312#3/2) or thep@303#7/2 orbital. Since the ro-
tational bands build upon the high-K @303#7/2 orbital are
strongly coupled, one expects to experimentally observe b
signature partners. Observation of only one branch favors
p@310#1/2 orbital. The signature splitting of this orbital de
pends strongly on triaxiality and the observation of t
a51 branch speaks in favor of a negativeg value.

Interestingly, the Routhians of the@312#3/2 orbit behave
quite similarly to the@301#3/2 orbit — essentially flat with
increasing frequency. The latter was interpreted as a ‘‘sp
tator’’ orbital which possibly gives rise to the ‘‘identical’
bands observed in77,78Sr and 78Rb @34#. By subtracting
~adding! a proton from ~to! the configuration
s
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p@312#3/2^ p@431#3/2^ (n@431#3/2)2, the positive-parity
sequence in73Br @59# (75Rb @58#! can be reached. In Fig. 1
the dynamic moments of inertia and the alignmentsi of these
bands are compared. Even though they are not ‘‘identic
@60# they behave very similarly, especially in the case of t
negative-parity bands in74Kr and the positive-parity band in
75Rb. The range of interaction between the ground-state
aligned 2qp neutron bands is exceptionally bro
(D\v'0.5 MeV!. This may not be fully explained by the
large N538 shell gap@61,58#. The additional presence o
strong residualT50 n-p pairing in the course of the align
ment in these bands might smooth the alignment patt
After theN538 g9/2 alignment a single proton and a sing
neutron are left in exactly the same@431#3/2 Nilsson orbit
for the positive parity in75Rb and the negative parity in
74Kr. However, there is not an obviously large discrepan
between the experiment and the standard calculations~ne-
glecting n-p pairing correlations! in either 75Rb @58# or
74Kr @see also Fig. 9~d!# that would definitely call for invok-
ing collectiveT50 pairing.

B. The odd-oddTz51 nucleus 76Rb

To obtain a better perspective on how well our theoreti
calculations are able to reproduce the known properties
the Tz51 nuclei, we include here a discussion of the od
odd nucleus76Rb studied in Ref.@35#.
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The energetically most favored rotational bands in t
nucleus are calculated to involve then@422#5/2 orbital
coupled to a state from below theZ538 subshell closure
The positive-parity bands, therefore, are expected to for
quadruplet of bands involving the various possible signat
combinations of thep@431#3/2^ n@422#5/2 orbits. The large
signature splitting of thep@431#3/2 counteracts the sma
signature splitting of then@422#5/2 orbital. With increasing
rotational frequency, an average signature splitting deve
due to the Coriolis mixing~see also77Sr @34#!. The quadru-
plet of positive-parity bands will split into two doublets
Namely, the so-calledAA andAB configurations involving
p@431#a51/2^ n@422#a561/2 will lie lower than the so-called
BA and BB bands built onp@431#a521/2^ n@422#a561/2

configurations, respectively. Note, that~i! both available
high-j orbitals are blocked and~ii ! static pairing correlations
are rather weak because of blocking. One might even c
sider these configurations as effective doubly magic str
tures. Therefore, the theoretical Routhians are expected t
almost unperturbed by nuclear rotation over a wide f
quency range. All these simple considerations are well
counted for by the calculations as is shown in Fig. 11~a!. Our
results are in excellent agreement with the experimental
@35# implying that the signature splitting properties of th
orbitals originating from theg9/2 subshell are properly take
into account~see again77Sr as discussed in@58#!.

FIG. 10. Dynamic moments of inertiaJ(2) and alignmentsi of
rotational bands in74Kr (p52,a50,1), 73Br ~1,11/2!, and
75Rb ~1,11/2!. They are considered to be ‘‘identical’’ with respe
to the presence or absence of protons in the@312#3/2 orbital in their
intrinsic configuration.
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At low rotational frequencies, the well-deforme
negative-parity structures involve then @422#5/2 orbital
coupled to the negative-parity states from below theZ538
gap. The lowest configuration is expected to involve all p
sible signature combinations of@422#5/2^ @312#3/2 and, at
low rotational frequencies, would form a quadruplet of a
most degenerate bands as observed experimentally. For
sons of clarity, only two out of fourn @422#5/2^ p @312#3/2
configurations are shown in Fig. 11~b!. The remaining two
combinations are degenerate at low spins with the ones
sented in the figure. The excitation energy is fairly well r
produced but the theory predicts for these configurati
rather small deformation changes at the crossing freque
and, therefore, the yrast-yrare interactions are strongly o
estimated. Thep @431#^ n @301# configuration is predicted
to lie higher in excitation energy at low frequencies but
aligns more angular momentum because of a smaller de
mation and becomes strongly favored in energy ab
\v'0.6 MeV. Note also low lying, noncollective configu
rations at frequencies above\v'0.6 MeV. Two additional
negative-parity bands observed in this nucleus can be in
preted as eithern@422# ^ p@310# or n@422# ^ p@303#. The
observed small signature splitting would favor the latter

FIG. 11. Theoretical and experimental cranked-shell mo
quantities for76Rb. ~a! The experimental~large symbols! and the-
oretical ~small symbols! Routhians vs the rotational frequency fo
the positive-parity bands. The empirically observed bands are in
preted as the three most favored signature combinations of
p@431# ^ n@422# quadruplet, namely thepAnA, pAnB and pB
nA configurations. The very unfavored signature member of t
quadruplet, thepBnB configuration is also shown as well as th
triaxial (g'230°) structure. See text for further details.~b! The
experimental ~large symbols! and theoretical~small symbols!
Routhians vs rotational frequency for the negative-parity ban
Only two signature combinations (EA and FA) of the
p@312# ^ n@422# quadruplet are shown for the reason of clarit
The open and solid diamonds indicate negative-parity bands b
upon thep@431# ^ n@301# configuration. The yrast noncollectiv
structures are also shown.
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112 56D. RUDOLPHet al.
signment. The assignments agree well with the previous s
gestions in Ref.@35#.

C. Band structures in 78Sr

1. The positive-parity bands

The Z538 andN540 proton and neutron subshell clo
sures stabilize the shape of the nucleus. The calculated g
predicted to be well deformed (b2'0.4) and stable over a
large frequency range. At this shape both proton and neu
alignments are predicted to be very smooth@large interac-
tion, see Fig. 12~a!#. Experimentally, the interaction is eve
stronger and the experimental and theoreticalI x curves show
different trends. Moreover, the data clearly indicate~i! the
existence of an energetically favored 141 state while in the

FIG. 12. ~a! The experimental~large symbols! and theoretical
~small symbols! Routhians vs the rotational frequency for th
ground-state band and negative-parity sidebands in78Sr. At
\v.0.8 MeV our calculations strongly favor energetically the t
axial (g'215°) structure marked by open circles. See text
further details.~b! The aligned angular momentum vs the rotation
frequency for the gsb. The empirical data are marked with la
symbols while small symbols indicate the theoretical results.~c!
The aligned angular momentum vs the rotational frequency for
negative-parity sidebands in78Sr. The empirical data are marke
with large symbols while small symbols again indicate the theo
ical results.
g-

is

on

calculations, the 161, pg9/2
2

^ ng9/2
2 , configuration is pre-

dicted to be favored and~ii ! the yrast band forks above spi
181 which is difficult to explain within the TRS model. Ou
calculations indicate the existence of low lying triaxial stru
tures which are becoming yrast at the rotational freque
corresponding to the frequency where the forking tak
place. However, the calculated values of the aligned ang
momentum, I x5^ ĵ x&, exceed the experimental values b
;3 for this configuration. In fact, our calculations predi
the triaxial configurations to become more and more favo
with Z.38 andN.38. The theoretical check of the sugge
tion that the left branch of the forking~see Fig. 3! can be
attributed to a so-called ‘‘unpaired’’ band crossing~see be-
low! would require a full diabatic tracing of the configura
tions near the neutron Fermi level. This has been done
Ref. @26# but would exceed the frame of the current inves
gation.

Recently, a so-called ‘‘unpaired’’ band crossing@62# has
been reported for the nucleus77Rb @26#. Two positive-parity
rotational bands of the same signature were observed ov
wide range of frequencies (I59/2–45/2!. They change the
yrast character at\v'0.8 MeV but since the yrare band als
starts at low spins the conventional band-crossing mec
nism of two aligning high-j neutron quasiparticles is ex
cluded. In fact, the moments of inertia and the measu
transition quadrupole moments indicate that a strongly
formed band (b2'0.4) is crossed by a less deformed ba
(b2'0.3). A diabatic tracing of the configurations near t
neutron Fermi energy attributes this crossing to a chang

r
l
e

e

t-

FIG. 13. Dynamic moments of inertiaJ(2) and alignmentsi of
the 76Kr (2,0!, 77Rb ~1,11/2!, and 78Sr ~1,0! yrastcascades. The
band crossing in77Rb was attributed to a change in the occupati
of the orbits near the neutron Fermi level of the valencepair of
neutrons@26#.
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the orbitals occupied by the valence neutronpair — the
p@431#3/2^ (n@422#5/2)2 configuration is favored at low
frequencies, thep@431#3/2^ (n@301#3/2)2 configuration at
high frequencies. This feature should be unique to~i! the
particle numberN,Z540 ~see Fig. 8, Ref.@26#! with ~ii ! the
first g9/2 alignment of the other kind of nucleons suppress
Therefore, other good candidates are the negative-pa
bands in76Kr, the positive-parity bands in78Sr and80Zr, and
the negative-parity bands in81Zr. The latter two are yet to be
identified~at high spins!. Hence, theJ(2) moments of inertia
and the alignmentsi of the 76Kr (2,0!, 77Rb ~1,11/2!, and
78Sr ~1,0! yrast cascades~to highlight the so-called ‘‘un-
paired’’ crossing! are shown in Fig. 13. Indeed, the bands
76Kr and 78Sr also provide a crossing at high rotational fr
quencies, and the standard type Woods-Saxon calcula
~see above! cannot reproduce the crossing at least in78Sr.
However, in contrast to77Rb, only a forking is observed in
the even-even isotones, not two sequences persisting
very low to very high spins. Clearly, more detailed spe
troscpic data are necessary, and future deta
configuration-dependent cranking calculations includ
pairing ~which are beyond the scope of the present pap!
may provide insight into this phenomenon.

Clearly, the two large gaps atN,Z538,40 at a prolate
deformation ofb2'0.4 ~see Fig. 8! are dominating the
nuclear structure of the nuclei in the vicinity of78Sr. How-
ever, forN,Z536 orN,Z>42 the energy gaps on the obla
side are expected to be competitive. Large shell gaps lea
a reduction of the pairing strength which may result in n
rigid rotation already at low rotational frequencies. Ne
rigid rotation is generally presumed if the kinematic mome
of inertia J(1) equals the dynamic moment of inertiaJ(2)
over a wide frequency range although the sum of the mic
scopic contributions to the moments of inertia may ‘‘ac
dentally’’ satisfy this condition. Here, the most promine
example of rigid rotation is the positive-parity yrast band
77Rb (Z537, N540). The subject was extensively di
cussed by Lu¨hmannet al. @16# and recently shown to persis

FIG. 14. Kinematic moments of inertiaJ(1) at a rotational fre-
quency of\v50.3 MeV for the positive-parity yrast bands in
series of even-evenTz51 andTz52 nuclei in the vicinity of78Sr
~solid circles!. The alignmentD i at \v51.0 MeV of these bands
relative to the Harris parametrization@64# (J0 ,J1 ,i 0)5(18,0,0) is
also shown~solid squares!. In the case of78Sr the yrare branch
above the forking~see Fig. 3! was used for reasons discussed in t
text.
.
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to even higher spins@26#. Similarly, the energetically fa-
vored negative-parity bands in76Kr (Z536,N540) provide
J(1)'J(2) @15,63# as well as several bands in the odd-o
system76Rb @35#. Figure 14 shows the kinematic momen
of inertia for the positive-parity yrast bands of a series
even-evenTz51 andTz52 nuclei ~solid circles! at the ro-
tational frequency of\v50.3 MeV. This typically corre-
sponds toI'4. The distinct spike in theJ(1) of 78Sr adds
further evidence for the predicted large shell gaps a
hence, to the assumption that these nuclei have such l
prolate ground-state deformations. As compared to78Sr the
moments of inertiaJ(1) for the self-conjugate nucleus76Sr
(80Zr! are slightly larger~smaller!. If ~i! small changes in the
pairing and~ii ! possible small variations in the low-spin con
figuration mixing are negligible, the gap atN,Z538 should
be somewhat larger than the one atN,Z540 which is in
agreement with the predictions. The reduced pairing stren
shall lead to flatter Routhians because theN,Z538 gap per-
sists to very high frequencies (\v.1 MeV! @2#. As a con-
sequence, smaller alignments along the rotational bands
expected. The alignmentsD i at \v51.0 MeV are included
in Fig. 14 as the solid squares. They were calculated rela
to a reference rotor according to the Harris parametriza
@64# (J0 ,J1 ,i 0)5(18,0,0). For78Sr the yrare branch abov
the forking ~see Fig. 3! was used~see Sec. II B, the yras
branch would add only one additional unit!. The ‘‘symmet-
ric’’ course of the moments of inertia and the alignments
Fig. 14 fit well into the scenario described above.

2. The negative-parity bands

The sidebands appear to follow the scenario of simple
excitations and they are assigned asn@422# ^ n@301# con-
figurations. Due to the closed prolate-deformedZ538 and
N540 shells, the negative-parity bands are high in excitat
energy and only weakly populated. This might be the m
reason why they have not been observed in previous in
tigations. As theN540 gap seems to be only slightly small
than theZ538 gap ~see above! one expects to identify
negative-parity bands built upon neutron as well as pro
2qp states at similar excitation energies. The possible c
figurations are ~i! p2@431#3/2^ n@422#5/2^ n@301#3/2
(K54); ~ii ! p@431#3/2^ p@301#3/2^ (n@422#5/2)2

(K53); or ~iii ! p@312#3/2^ p@422#5/2^ (n@422#5/2)2

(K54), respectively.
Based on systematics, the~neutron-excited! configuration

~i! can be assigned to the more strongly populated signat
partner bands in the middle of Fig. 3: By removing or addi
a neutron in the presumed@301#3/2 ‘‘spectator’’ orbital the
positive-parity yrast bands in77,79Sr can be reached. Conse
quently, the dynamic moments of inertia, experimen
Routhianse8, and alignmentsi of these bands are illustrate
in Fig. 15. All bands exhibit a common~proton! band cross-
ing at\v'0.6 MeV underlining their similar structure. Th
gain in alignment (D i'5) is typical for an aligned pair of
g9/2 nucleons. The cranked-shell model quantities for
second negative-parity band seem to behave similarly to
positive-parity yrast cascade in 77Rb @p@431#3/2
^ (n@422#5/2)2#. The tentative 32 state at 2310 keV excita
tion energy also speaks in favor of the proton-excited c
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114 56D. RUDOLPHet al.
figuration ~ii ! mentioned above. However, lack of expe
mental data in78Sr itself and79Y, i.e., one proton added to
the configuration~iii !, does not allow for a definite assign
ment.

In the calculations, the excitation energy of these band
overestimated by a constant value ofDev'400 keV over the
entire frequency range@see Fig. 12~a!#. We believe that this
shift is rather due to an inaccurate treatment of the g
where the coupling to the vibrational degrees of freedom
not taken into account. The calculated and experimental
ues of the angular momentum agree very well as show
Fig. 12~b!. This and the result obtained for74Kr ~see discus-
sion above! support the conclusion steming from the RP
calculations of Ref.@65# that the negative-parity sidebands
these nuclei are almost pure 2qp excitations.

D. Triaxial rotation in the Z>38 nuclei

In contrast to 74Kr and 78Sr, the number of protons in
82Zr exceedsZ538. Similarly, its neutron Fermi level falls

FIG. 15. Dynamic moments of inertiaJ(2), experimental
Routhians e8, and alignmentsi of rotational bands in 78Sr
(p52,a50,1), and77,79Sr ~1,11/2!. They are considered to b
‘‘identical’’ with respect to the presence or absence of neutron
the @301#3/2 orbital in their intrinsic configuration.
is

b,
is
l-
in

beyond the gaps atN538 and 40 which drive the lighte
nuclei towards large prolate deformation. In fact, the m
sured lifetimes indicate a deformation ofub2u'0.3 rather
than 0.4 for the positive-parity yrast cascade in82Zr. This
band is predicted to start at a prolate-deformed shape~see,
e.g., Refs.@2,45#! and its evolution is interpreted as a proto
g9/2 crossing followed by a neutrong9/2 crossing @45#.
Though the second band crossing is now found to occu
\v'0.65 MeV ~as compared to\v'0.69 MeV in Ref.
@45#! the arguments presented in Ref.@45# are still valid. The
upper part of Fig. 16 shows the band-crossing frequen
\vc of

82Zr and some of its neighbors. The squares repres
the known~solid symbol! or suggested~open symbol! neu-
tron alignments and the circles are proton alignments. In
~1,11/2! band in 81Y @66,67# the first proton alignment is
blocked. Hence, the crossing at\v'0.67 MeV is attributed
to a neutron crossing. According to lifetime measureme
this crossing is supposed to induce a shape change fro
well-deformed prolate shape (b2'0.35) towards a triaxial
(g'230°) configuration@68#. In the ~1,11/2! band in
83Zr @69,70# the first neutron alignment is blocked. By mea
of the measured sign of the mixing ratiod(E2/M1) of a low
lying transition the band was found to be~nearly! oblate
@b2520.28(2)# and built upon the@422#5/21 Nilsson or-
bital @69#. The shapes of the negative-parity bands, howev
are prolate. Mountfordet al. @71# demonstrated with a
g-factor measurement that the aligning particles respons
for the first crossing in84Zr are protons. In the ground stat
and at low rotational frequencies calculations indicate a
axial shape (b2'0.28,g'220°) for this nucleus, and the
crossing frequencies are well reproduced@72,73#. The ‘‘de-

n

FIG. 16. The upper part shows band-crossing frequencies
pairs of g9/2 nucleons for 82Zr and neighboring nuclei. Square
denote known~solid! and assigned~open! neutron crossings, circles
denote proton crossings. In the lower part the alignmentsi of rota-
tional bands in82Zr (p52,a50) and 83Zr ~1,11/2! are shown.
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56 115SYSTEMATICS OF EVEN-EVENTz51 NUCLEI IN THE . . .
layed’’ proton crossing in the positive-parity band of82Zr
~see Fig. 16! adds evidence for a well-deformed prola
ground state. The crossing frequencies of the aligning p
tons of the prolate-deformed bands of the somewhat lig
isotopes~see, e.g., Fig. 15! amount to\v'0.6 MeV. Gen-
erally, it seems that nuclei beyond the shell gaps
N,Z538,40 are again susceptiple to shape coexistence;
theN542 shell gap at oblate deformation might play a s
nificant role~see Fig. 8!.

Shape coexistence might also occur in the negative-pa
bands of82Zr. A 2qp proton excitation generating the neg
tive parity is unlikely due to the gap in the single-partic
energies~see Fig. 8!. At prolate deformation, a possibl
proton-excited bandhead configuration isp@422#5/2
^ p@301#3/2. However, if one of the two negative-pari
bands of82Zr were built upon this state it should behave ve
similarly to the positive-parity yrast band in the ‘‘odd-Z
core’’ 81Y. This is not the case. On the contrary, the cross
frequencies\v'0.57 MeV ~see Fig. 16! of the two signa-
ture partners in the middle of Fig. 5~I! and\v50.49 MeV
of the band on the right-hand side~II ! clearly hint atg9/2
proton alignments; i.e., the negative parity is generated
a 2qp neutron excitation. The possible configurations
either n@422#5/2^ n@303#5/2;n@301#1/2 at moderate
prolate deformation or n@321#1/2;n@310#1/2
^ n@422#5/2 at oblate deformation. The negative-parity ba
~II ! reveals moments of inertia and an alignment pattern v
similar to those of the positive-parity yrast cascade in83Zr
~see above!. Therefore, this band most probably represe
the band built upon an oblate bandhead. Likewise, band~I!
might be associated with a near prolate shape, espec
since its crossing frequency is about the same as for
~1,0! band in 82Zr.

The generally good agreement between theory and exp
ment obtained for nuclei withZ<38 ~see discussion above!
breaks down for heavierTz51 nuclei withZ539 ~Y! and
Z540 ~Zr!. For both 80Y and 82Zr the theory predicts sce
narios with well-deformed ground-state bands being cros
at relatively low frequencies by aligned bands of triax
shape. However, the relative excitation energy between th
prolate and triaxial structures is inconsistent with the data
shown in Fig. 17. It should be pointed out that these inc

FIG. 17. The curve marked by solid dots represents the exp
mental Routhian of the gsb in82Zr. Theoretical calculations are
marked with open circles and the curve marked as ‘‘wdb’’ cor
sponds to the well-deformed band which is calculated to be yra
low rotational frequencies. ‘‘tb’’ denotes the triaxial band which
yrast at high spins. Its exciation energy was normalized to the
perimental data. The figure clearly illustrates the difficulties in
producing the data forZ.38 andN.38 nuclei.
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sistencies arise only whenZ.38 and N.38. For example,

in the Tz53/2 nuclei 37
77Rb40 and 38

79Sr41 the experimental
data are reasonably well reproduced by the calculations~see
also the discussion for38

78Sr40).
Our model suggests that above theN5Z538 deformed

shell closure, the vibrational degrees of freedom are bec
ing more and more important. Figure 18 shows the to
Routhian surfaces in40

82Zr 42 calculated for quasiparticle
vacuum at low and high frequencies. Apparently, the lo
spin TRS surface is extremely soft in bothb2 andg direc-
tions. For such cases the mean-field model breaks down.
situation changes drastically at higher frequencies: T
aligning g9/2 quasiparticles drive the nucleus towards a le
elongated and triaxial shape. This minimum is well dev
oped; i.e., stiff against vibrations. In fact, this aligned triax
structure might account for the high-spin portion of the yr
band in40

82Zr 42 as shown in Fig. 17. Similar conclusions we
drawn for the high-spin part of the positive-parity yrast ca
cade in the next even-evenTz51 nucleus86Mo from calcu-
lations within the configuration-dependent shell-correct
approach with a cranked Nilsson potential@74#.

IV. CONCLUSIONS

The previously reported high-spin excitation schemes
the weakly populatedTz51 nuclei 74Kr, 78Sr, and82Zr have
been largely extended using the combination of a powe
Ge-detector array~Gammasphere! in conjunction with a se-
lective device such as Microball. The yrast bands are
lowed up to spinsI'30 around 20 MeV excitation energy
Altogether 15 new negative- and positive-parity rotation
sidebands were identified. In general, the new data con
the previous high-spin level schemes. The nuclear struc
of the two lighter isotopes is dominated by the large sh
gaps at large prolate deformation at particle numb
N,Z538,40 while for 82Zr oblate deformed or triaxia
minima seem to compete with the well-deformed prola
shape.

We performed systematic calculations forTz51 nuclei in
the massA580 region using a purely rotational model. Th
model treats shape and pairing degrees of freedom s
consistently, the former in the sense of the Strutinsky pro

ri-

-
at

x-
-

FIG. 18. The total Routhian surface calculated at low rotatio
frequency~left panel! and high rotational frequency~right panel! in
82Zr. The distance between the contour lines amounts to 200 k
Note an extreme quadrupole shape softness at low spins whic
found to be the primary source of disagreement between the m
~purely rotational! and the data in82Zr.
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116 56D. RUDOLPHet al.
dure, the latter in terms of the Hartree-Fock-Bogolyub
Lipkin-Nogami theory. Our model does not involve any a
justable parameters. The two-body residual interaction d
not involve any neutron-proton interaction. The proton a
neutron subsystems are coupled only indirectly by~i! param-
eters of the mean-field potential and~ii ! common deforma-
tion. Resonable agreement with the experimental data,
cerning excitation energy pattern and alignment, is found
74Kr, 76Rb, and78Sr ~and in our study in75Rb and77Sr, see
@58#!. The agreement between theory and experiment ca
regarded as very good for nuclear many-body theory. We
not find a clear evidence for collectiven-p-pairing correla-
tions as one might expect in the vicinity ofN5Z line ~see
also @75,31,33# and references therein!. A so-called ‘‘un-
paired’’ band crossing may have been observed in
positive-parity yrast sequence of78Sr.

The excited structures find a natural explanation in ter
of 2qp configurations~see also@65#!. The details concerning
the theoretical assignments are discussed in the text. Fu
evidence was presented for severalf p Nilsson orbitals acting
as spectators which leads to similar or~in some cases! nearly
identical moments of inertia of the respective rotation
bands. At low frequencies the shapes corresponding to
configurations discussed here are calculated to be very e
gated~see also@2#! with b2'0.4. The associated minima a
rather shallow and, therefore, strong shape distorti
~shrinking of the quadrupole shape, strong triaxiality effec
and large changes in axial hexadecapole deformation! are
predicted to be induced by the aligningg9/2 quasiparticles.
These predictions can be verified by lifetime measureme

We associate the disagreement between the theory
.
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experiment found in82Zr with vibrational degrees of free
dom. The total Routhian surfaces calculated for theZ.38,
Tz51 nuclei reveal pronounced softness at low rotatio
frequencies with respect to both axial and nonaxial quad
pole degrees of freedom. These vibrational effects are
yond our model and cannot be addressed quantitatively.
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