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High-spin states of ,=1 nuclei were studied with the reactioP&Ni(?%Si,3a) "“Kr, 5&Ni(?8Si,2a) "8Sr, and
%8Ni(28si,2p2n) 82Zr at 130 MeV beam energy. The Gammasphere array in conjunction withrtrehdrged-
particle detector array Microball was used to detgctays in coincidence with evaporated light charged
particles. The knownr=+, a=0 yrast bands were extendedlte 28 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 of*Kr and 7Sr are governed by the shell gaps at large prolate
deformation while®?Zr seems to exhibit shape coexistence. Nearly identical bands were established which may
be explained as arising from thi@ orbits acting as spectators at very elongated shapes. The experimental data
in theseT,=1 nuclei are in good agreement with predictions of the TRS model using conventienhl
like-nucleon pairing correlation$§S0556-28187)01407-9

PACS numbed(s): 21.10.Re, 21.66:n, 23.20.Lv, 27.50te

[. INTRODUCTION this mass region is the measumgdiactor at the first crossing
in the positive-parity yrast cascade fiKr [9]. The small
The mass regioM~80 is known to provide a variety of precession indicates that the aligning nucleons are neutrons
nuclear structure phenomena. Due to the low density ofvhich suggests thaf®Kr has a near-oblate shape throughout
single-particle energy levels, the nuclear shapes are strongtyie ground-state band. Large prolate deformations were iden-
configuration dependent. They are predicted to vary not onlyified via y-ray spectroscopy in light Sr nuclgl0], and by
with the particle number, but also with excitation energy andmeans of collinear laser spectroscopy in the Re-87) [11]
spin. According to the mean-field models the structure of theand Sr ¢=38) [12,13 isotopic chains. Large transition
A~80 nuclei is governed by large shell gaps-ef2 MeV at  strengths deduced from lifetime measurements of excited
oblate (8,~—0.3, particle numbers 34, Béand prolate states in a number of rotational bands in the region
(B2~ +0.4, particle numbers 38, A&Ghapeqd1-3]. These Z=35-38,N=38-42 (e.g.,[14-16) provide further evi-
shell gaps lead to a large negative shell correction whichlence for the presence of large collectivity in these nuclei.
counterbalances the increase in the smooth component of tf8hape coexisting prolate or oblate shapes as well as single-
nuclear energy due to deformation. Consequently, the grounglarticle structures have been observed separately in the same
states of certain Kr, Rb, and Sr isotopes are predicted to beucleus(e.qg., 8?Sr[17-19) or were found to mix within the
very elongated[1-3]. For some nuclei theory predicts ground-state bane.g., “Kr [7,20,21 or 86Zr [22)). In ad-
prolate-oblate shape coexistence as well as strong shapition to the predicted and observed large normally deformed
mixing phenomendsee[4,5]). Many theoretical predictions shell gaps, a long predictdd,2] island of superdeformed
have already been confirmed experimentally. Strong candigrolate spheroidsg,~0.55) centered around neutron num-
dates for oblate rotational bands were reported for théversN=~44 in the Sr to Zr isotopes was recently observed
N=Z=36 nucleus’r [6,7] and in the light Se Z=34) [23-25.
isotopes[8]. Another indication for oblate deformation in Large shell gaps imply reduced pairing correlations and
this is one subject to be addressed in this study for even-even
nuclei. Reduced pairing is believed to be responsible for the
*Present address: NASA Ames Research Center, Moffett Fieldpear-rigid rotation observed in the positive-parity yrast band
CA 94035. in “'Rb [16,26 and the negative-parity yrast bands 1tKr
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TABLE |. Off-line sortedE.-E, matrices M) andE -E-E, cubes C) used in the analysis.

Ge-detector angles Range Target Gating  Number of

0, (°) 0,(°) O3(°) E,keV) Thin Thick p @« events Purpose
C All All All 100-2000 X 2 0 2.9x10® Level scheme
C All All All 100-2800 X 2 0 3.6x10®  Level scheme
M All All 50-2500 X 2 0 1.2x10° Level scheme
M Al All a 50-2500 X 2 0 14<10° Level scheme
M All All 50-2500 X 2 0 3.0<10° Level scheme
M Al All b 50-2500 X 2 0 1.3x10° Level scheme
M F/B¢® MI @ 50-2500 X 2 0 29%10®° DCO ratios
M F/B® MI @ 50-2500 X 2 0 6.1x 10 DCO ratios
M 31.7,37.4 All 50-2500 X 2 0 1.1x10° DSA lifetimes
M 142.6, 148.3 All 50-2500 X 2 0 9.8<10° DSA lifetimes
C All All Al 100-2800 X 0 2 1.9x10° Level scheme
M All All 50-2500 X 0 2 39x10° Level scheme
M All All e 50-2500 X 0 2 15<10° Level scheme
M All All 50-2500 X 0 2 65<10° Level scheme
M F/B¢® MI @ 50-2500 X 0 2 7.%10° DCO ratios
M F/B® MI @ 50-2500 X 0 2 1.3x10° DCO ratios
C All All All 100-2800 X 0 2-3 21x10° Level scheme
M All All 50-2500 X 0 3 3.5x10°  Level scheme
M All All 50-3300 X 0 3 37x10° Level scheme
M F/IB® M @ 50-2500 X 0 23 8.6x10°  DCO ratios
M F/B¢ MI @ 50—2500 X 0 23 14<10° DCO ratios

8Gated with a thirdy ray at 407 or 634 keV.

Gated with a thirdy ray at 407, 634, 847, or 1021 keV.
€31.7, 37.4, 50.1, 129.9, 142.6, 148.3, and 162.7.
479.2, 80.7, 90.0, 99.3, and 100.8.

€Gated with a thirdy ray at 278, 503, 712, or 895 keV.

[15]. The effects of the shell gaps should be reinforced in thdbeam-target combinations are on the order of 10—&®0
self-conjugateN=Z nuclei. In addition, theT=0 neutron- and the fusion-evaporation reactions at energies near the
proton (n-p) pairing mode in the even-evé=Z nuclei is  Coulomb barrier used in the pak29,3Q do not provide
suggested to influence the expected band-crossing patteemough angular momentum to observe the complete align-
[27]. Alongside this collectiveT=0 pairing correlation(a  ment into the 4 quasiparticigp) region. As compared to the
clear signature of which is yet to be determipsthnds the N=2Z nuclei theT,=1 nuclei have much larger cross sec-
possibility of a strong residughoncollectiveé T=0 interac- tions (about 1 mb which allow extensive studies up to high
tion between valence protons and neutrons moving in idenangular momenta by using thedetector arrays of the latest
tical orbitals. Recently, a signature =1 andT=0 band generation. Though the collectivep pairing is predicted to
crossings was likewise observed in the odd-oNé=Z  decrease rapidly when moving away from tNe=Z line
nucleus "“Rb [28]. Unfortunately, the cross sections for [31-33, theT,=1 nuclei may still contain a sizable amount
populating N=Z nuclei in the A=80 region with stable of that strength. There are also possible configurations, espe-

TABLE II. Experimental relative cross sections for the reactf88i+%®Ni at E .y~ 128 MeV deduced from the yields of known
ground-state and bandhead transitions in various particle-gated spectra.

Reaction Orel Reaction el Reaction el Reaction Orel Reaction el
channel (%) channel (%) channel (%) channel (%) channel (%)
Br+3ap 0.0808) Kr+adp 1.1(2) 8Rb+5pn  0.0338)  %%Sr+a2p 14(1) 82y +3pn 5.313)
Br+2a3p 0.04711) 80Kr+6p <0.006 ®Rbt5p 0.7712  ®Sr+4pn  4.93) 83y +3p 6.7(10)
"Kr+3a 0.21(1)  "Rb+2apn 0.0949) Sr+2a2n  <0.002  ®Sr+4p 13(1) 80Zr+a2n  <0.003
Kr+2a2pn  0.0144) "Rb+2ap 6.1(4) ISr+2an  0.0223)  Y+ap2n  <0.05 8Zr+2p2n  0.4Q7)
Kr+2a2p 5.7(4) ®Rb+a3pn  0.8011) BSr+ 20 0.14(5) 8y +apn 0.286) 8Zr+2pn  0.594)

"Kr+adpn 0.0455) “Rb+a3p 33(2) “Sr+a2pn  4.605) 8y +3p2n  1.2(1) 84Zr+2p 0.101)
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TABLE Ill. The energies of excited states itfKr, the transitions energies and relative intensities of theays 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 stajesagé.the

Ex Ey Irel Iiﬂ- I? Ex Ey IreI Iiﬂ- I;T
(keV) (keV) (%)  Rpco  Gate (h) (k)  (keV) (keV) (%)  Rpco  Gate® (A)  (h)

455.41) 455.41) 100(3) 2" 0o+ 1585.43) 10(1) 0.5685 B,F 7 6"
1013.31) 557.41) 893 09520 AD 4° 2" 4132.84) 766.95 17(3) b 9 7
1781.42) 768.02) 725 1.072) B,D 6" 4* 1384.34) 4.24) 0574100 B,E 9~ 8"

2747.92) 966.51) 56(2) 1.053) B,D 8" 6" 5086.34) 953.52) 17(1) 1.0X¥5 B,F 11" 9
3892.33) 1144.41) 44(22) 1.0x3 B,D 10" 8+ 6210.55) 1124.22) 16(1) 0.966) B,F 13" 11
5179.43) 1287.22) 352) 1.074 B,D 12° 10" 7487.86) 1277.q3) 141 1.086) E,F 15 13~
6515.74) 1336.23) 282 1.0587) B,D 14" 12" 8897.96) 1410.43) 121) 1.046) B,F 17 15~
7858.36) 1342.64) 22(2) 1.128) B,D 16" 14* 10430.38) 1532.44) 10(1) 1.0868) B,F 19 17
9305.87) 1447.%4) 16(1) 1.104 B,D 18" 16" 120881) 16581) 8.16) 1.0811) B,F 21" 19
108811) 15751 10(1) 1.085 C,D 20" 18" 138962) 180491) 6.05 1.1823 E (23) 217
1265@2) 17691) 8.08) 0.987) C,D 22* 20" 159042) 20111) 4.04) 1.04200 B,F (257) (23)
146872) 20371 5.16) 1.071100 C,D 24" 22" 181722) 22651) 2.24) 120260 B (277) (25)

170672) 23801) 2.55) 1.1724 B (26%) 24" 207343) 25622) 0.802) (297) (27°)
198593) 27922 1.002) (28") (26")

2655.13) 714.31) 6.13) 0.7146) A,G 4 3(H)

1203.24) 7471 1.1(2) 2%y 2t 16431) 0.41) 4(-) 4+

12041) 1.55) b 2ty ot 3139.G2) 327.33) 152 06618 B 67 5”

1941.43) 738.33) 1.83) 0.5916) | 35 (2h) 483.31) 5.83) 09710 AG 67 40()

9281)  1.1(2) 3 4t 525.92) 6.84) 0579 B,G 67 5

1486.45) 6.48) 0.847)° H,I 3 2" 13581) 1.93) 6(7) 6"

2613.G2) 671.53) 2.33) 09612 A,l 5 3+ 3840.23) 387.95 1.32) 8> (7M)

831(1) 0.52) 5(t) " 473.24) 1.0 8 7~

1599.63) 4.65) 05012 A,l 5  4* 701.32) 131 1.0X7) BH 8 ()

3452.44) 839.47) 1.2(2) (7Y)y 5 4721.24) 881.0q2) 121 1.066) BH 107 81

1671(1) 0.803) (7)y 6" 5764.14) 1042.92) 11(1) 1.008 B,H 127 107

44691) 10171)  0.6(2) (7) 696711) 12031) 9.08 1.009)° BH 147 127

56552) 11861 0.4 83181) 1351(1) 8.16) 1.0911) B,H 167) 147

980372) 14851) 6.08) 0.847)° H,I 187 167

3761.38) 19801 1.2(2) 8" 6" 114302) 16271) 4.84) 1.0314 B,H 207) 187

4556.48) 795.26) 1.2(2) 10" 8" 131932) 17631) 3.02) 1.1016) B,H 2X7) 207)

18092) 1.54) b 10" 8" 151262) 19331 1.702) (247) 227)

5570.37) 10141) 2.35 0.9916) B 12° 10" 172993) 21732) 1.002) (267) (24))

16781) 2.05) b 12 10 197504) 24512) 0.41) (287) (267)

6853.18) 12831 2.505) b 14+ 12* 3005.16) 19921) 1.602) (57) 47

16731) 5(1) 1.0914 B,D 147 12° 3698.36) 693.33) 1.22 09123 BJ 7 (57)

84121) 15591) 3.94) 1.0433) A,D (16") 14° 19171) 2.34) 0459 BJ 7° 6"

18982) 0.92) (16") 14* 4592.26) 893.93) 3.63 1.07114 B,J 9 7

9931(1) 20731) 2.43) 09922 B (18" 16" 18441) 0.51) 9- 8"

101352) 17231) 3.48) (18") (16")  5658.49) 1065.86) 4.04) 0.9711) B,J 11° 9-

110521) 17461 2.2(3) 18" 68741) 1216.28) 3.83) 09616 B,J 13 11"

119852) 185Q1) 2.0(5) (20") (187) 82192 13451) 2.7(3) (157) 13

139253) 19402 1.02) (22%) (207)  96842) 14651) 2.2(3) (177) (15)

160143) 20852 0.61) (24%) (227)  112972) 16131 1.803) (19) (7))

130143) 17152 1.302) (217) (19)

2811.713) 17991) 6.05) 0.6510 B 5~ 4" 148284) 18162) 0.72) (237) (217)
3366.43) 555.12) 4.2(2) b 7 5-

aA: 456 keV:B: 456+558 keV; C: 967+1144+1287+1336+1343 keV;D: 456+558+768 keV +C: E: 954+ 1124+1277+1410 keV;
F: 767 keV+E; G: 7014+-881+1043+1203 keV;H: 483 keV+G; | : 456 keV+H; J: 456+558+894+1066 keV.
®Doublet structure.
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TABLE IV. The energies of excited states ffSr, the transitions energies and relative intensities ofytheeys 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 statesrajshe

Ex Ey Irel Ii7T I;T Ex Ey IreI Iiﬁ I;T
(keV) (keV) (%)  Rpco  Gate® () (h) (keV) (keV) (%) Rpco  Gate®  (f)  (h)

27761  277.61) 1004) 1.034) E 2°* 0" 114284)  15583)  2(1) (207) (18)
780.81)  503.21) 1003) 0985 C 4°F 2+ 27121) 19312)  3(1) c (57) 4
1493.22) 712.42) 843) 1.097) A 67 4+ 3385.09) 6731) 31 10325 A 7O (57)
2388.43) 895.22) 682 1078 C 8" 6+ 18921)  6(1) 054200 A 70D 6+
3446.24) 1057.82) 522) 0967 D 10 8" 4251.19) 866.13)  8(1) (97) 79
4657.85) 1211.33) 432 1119°¢ D 12° 10" 18622)  5(1) (97) 8+
6025.46) 1367.94) 31(2) 1.0715 D 14* 12* 5281(1)  1030.G5) 10(1) (117)  (97)
6035.89) 13741 11(1) 14* 12* 64361)  1155.26) 9(1) (137) (11)
7559.47) 15231  8(1) 16" 14" 76711)  1235.4q7) 8(1) (157) (13)
1533.14) 21(1) 1.0013 D 16" 14" 89872) 13161  7() (177) (15)
9253.79) 1694.75) 16(1) 1.0019 D 18" 16" 104482)  1461(1)  5(1) (197) (17)
109951) 17411  8(1) (20") 18" 121093) 16612)  3(1) (217)  (19)
111951) 19411  6(1) c (20") 18"
129812) 19862)  5(1) (22") (20")  1903.37) 16261)  3(1) 2
132942)  20992)  3(1) (22") (20") 231048 15301)° 31 ¢ (37) 4*
152334)  22523) 3(1) (24%) (22")  2606.G5 7031 2(1) 405
177646)  2531(4) 2(1) (267) (24 1825.q5) 11(1) 0.9024 A 40 4+
2860.15) 254.02) 7(1) 05314 B 507 40
147811) 120Q1) 3(1) 2" 550(1) 2(1) 59 (37)
22441) 766(1) 2(1) 208012) 5(1) 5(-) 4+
32312) 987(1) 2(1) 3080.15 219.83) 2(1) (67) 5
4751) 2(1) (67) 4
2537.17) 17561  4(1) (47) 4" 3173.16) 313.04) 3(1) 04815 A 6 50()
3138.98) 601.15  4(1) 607 (47) 567(1) 2(1) 6 40
16461) 6(1) 1.2639 C 6 6" 3525.75)  352(1) 1(1) (77)y &)
3927.39) 78845 81 11627 C 80 D) 445.44)  2(1) (77)  (8)
48831) 956.05)  8(1) (107) 8 665.63)  6(1) (77)y 509
59841)  1098.716)  7(1) (127) (107)  3963.99) 4381) 1(1) (87) (7))
71902) 12091) 6(1) c (147) (12) 791(1) 2(1) (87) 6
84742) 12841)  5(1) (167) (147) 44011 875(1) 8(1) (97) (7))
9870(3) 13962)  4(1) (187) (167)  54692) 10681  6(1) (117)  (97)

8A: 278 keV;B: 278+504 keV;C: 278+712 keV;D: 278+712+895 keV;E: 504+712+895 keV, thick target run.
bCalculated from level energies.
‘Doublet structure.

cially in the course of alignment processes, for which singleghe experimental band head energies, moments of inertia,
protons and neutrons occupy the same Higow-Q go,  band-crossing frequencies, and relative alignments with the
orbitals. In such cases, the residdat0 (n-p) interaction  predictions of cranked shell model calculations for the three
may also influence the alignment pattern. T,=1 nuclei studied in this work. For completeness, some
The present study is aimed at extending the yrast seaspects_of the experimental level scheme for the odd-odd
quences beyond the first proton and neutga& CrOSSingS nUCIeUSY6Rb [35] that are. relevant to th|S Study W|” be _pre- )
and at identifying positive- and negative-parity sidebandsSented also. The conclusions and a summary will be given in
The bandhead energies provide a measure of the energy ga%@c- V.
in the Nilsson scheme. Since the level density is low, the
bandhead configurations of excited bands most likely involve
particles moving in the deformed/=3 orbits originating The experiment was performed at the 88-Inch Cyclotron
from fp subshells. Thus, excited bands may provide furtheat the Lawrence Berkeley National Laboratory. High-spin
insight into the properties of thg01]3/2 or other similarly  states in theT,=1 nuclei were populated via the reactions
flat orbitals which may act as spectators and produce nearly®Ni(%8Si,3a) "“Kr,  ®Ni(?8Si,2a) "8Sr, and 8Ni(?%Si,
“identical” bands[34]. 2p2n) &zr at 130 MeV beam energy with an average beam
The experimental procedures and the resulting leveintensity of 5 particle nA. The experimental setup included
schemes are described in Sec. II. In Sec. Il we shall comparthe Gammasphere arrg@6] then comprising 57 Compton-

II. EXPERIMENTAL PROCEDURES AND RESULTS
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TABLE V. The energies of excited statesifzr, the transitions energies and relative intensities oftmays 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 statesrajshe

Ex Ey IreI Ii7T I;T EX Ey IreI Iiw I;T
(keV) (keV) (%)  Rpco  Gate'  (h) (h) (keV) (keV) (%) Rpeo  Gate? ()  (h)

407.01)  407.q1) 1204) 1.034)° B 2% 0" 4973.19) 950.64)  4(1) (107) (87)
1040.41) 633.91) 1003) 1.013)¢ A 4% 2+ 6100(1) 11271 ¢ 3(1) (127) (10)
1887.92) 847.02) 762 1073 C 6°* 4+ 73452) 12451) 2(1) (147) (12)
2908.64) 1020.713) 483) 1.156) D 8* 6+
4036.95) 1128.33) 392 1.0349°¢ D 10' 8* 2791.63) 1750.43) 4(1) 04611 B 5 4t
5213.47) 1176.54) 31(2) 1.034°¢ D 12¢ 10" 3480.84)  6891) 3(1) 7> 505)
6490.717) 1277.33) 22(1) 1.046)¢ D 14+ 12F 1593.43)¢ 8(1) 06717 cb 707 6"
7859.68) 1368.94) 151) 1.0213® D 16" 14" 434775 866.93) 91 10712 C 9o 7()
79921) 15021) 3(1) (16") 14" 14391) 4(1) g gt
91121) 12521) 7(1) 110160 D 18" 16" 5361.48) 1013.76) 11(1) 1.00149 C 11°) 10
94531) 14612) 2(1) (18Y) (16")  65341) 1174.47)  10(1) e 137 1100
15931 ¢  3(1) (18" 16" 76882) 11521) 3(1) (157) 137
104912)  13791) 4(1) (207) 18" 79082) 13722) 3(1) e (157) 139
121272)  16361) 3(1) (227) (20%)  90473) 13591) 2(2) A7) (150
140133)  18862) 2(1) (24%) (22%)  92353) 13271) 2(1) A7) (157
1612a5) 21073 1(1) (267) (24%)
2057.36) 10171)¢  3(1) 47
1060.82) 653.82)  4(1) 2% 2857.G2)  800(1) 1(1) 5
1449.12) 387.16)  3(1) ©N 1816.12) 9(1) 0477 B 5 4+
408.33)%¢  1.0(5) ®F 4F 3128.43) 27112 7(1) 0535 B 6 5
1041.73) 7(1) 0859 ° A (3t 2* 336.63)  1(1) 6” 5(-)
2175.43) 726.02) 10(1) 09512 A (5" ((3)* 10711 ¢ 2(1) 6~
1135.23)  5(1) (5" 47 3506.84) 377.56) 3(1) 0437 B 7 6~
3068.44) 893.13) 141 09370 C (N (B 650.14)  3(1) 7 5~
118a1)%¢  3(1) (7t 6" 16192) 1(1) 7" 6"
4086.36) 1017.94) 1212 e 9" (M 3946.74) 439.27) 21 8~ 7"
51951) 11091)  10(2) 0.9413 ¢ C (11)F (9)F 818.13)  8(1) 10799 B 8 6~
64062) 1211(1) 7(1) (13%) (11"  4444.18) 9371 3(1) (97) 77
7680(2) 12741) 3(1) e (15%) (13")  4908.36)  464(1) 1(1) 100 (97)
77502) 13441) 3(1) (157) (13" 961.14) 81 107110 B 10° 8~
9070(3) 139012) 2(1) (177) (15")  555Q2) 11062) 2(1) e (117)  (97)
91833) 14332) 2(1) (17") (15")  5989.18) 1080.85) 8(1) 1.2119 C 120  10°
7041.69) 1052.55 6(1) 0.99200 C 14 127
2691.58)  1651(1) 1(1) (47) 4° 81141) 10721) 51) 1.0116°¢ C 16 14~
3287.27) 2191 1(1) 67) (M 93392) 12251)  4(1) (187) 16
596(1) 1(1) 67) @) 107532)  14141) 3(1) (207) (18)
13991) 6(1) 67) 6° 123653)  16122) 2(1) (227) (207)

4022.48) 73534) 51) 09217 C (87) ()

8A: 407 keV;B: 634 keV;C: 407+634 keV;D: 407+634+847 keV.
bResult from backed target run.

‘Mean value from thin and backed target run.

dCalculated from level energies.

®Doublet structure.

suppressed Ge detectors, and the @gharged-particle detec- foil. In the final two shifts, a backed target, consisting of a
tor array Microball, which consists of 95 G3l) scintillators 420 wg/cm? layer of *®Ni evaporated onto a 10.5 mg/ém
with photodiode read-ou37]. The 57 Ge detectors were thick Ta foil, was used to accumulate some>310° events.
arranged in rings at 31.7%5 detectors 37.4° (5), 50.1° (9), Due to the much larger amount of secondary electrons origi-
79.2° (1), 80.7° (1), 90.0° (5), 99.3° (1), 100.8°(1), 121.7° nating from the thick target, the counting rates of the indi-
(5), 129.9°(10), 142.6°(5), 148.3°(4), and 162.7°(5). The  vidual Microball elements increased from about 4000 to
event trigger required three or more Ge detectors firing. In 4000 counts per s, even though the beam intensity was re-
days of beam time 1:810° events were collected with a duced by a factor of 2. This enhanced background radiation
99.7% enriched, 33p.g/cm? thin self-supporting®®Ni target  led to a worse charged-particle identification, but in the
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course of the off-line analysis we found the performance ofy rays. For this purpose matrices were constructed in which
Microball still reasonable and at least helpful in terms of y events recorded between 80° and 100° were sorted against
reaction-channel selection. At the end of the experiment, théhose recorded at 31.7°, 37.4°, 142.6°, 148.3°, or 162.7° in
Ge detectors were energy and efficiency calibrated witltoincidence with the appropriate charged parti¢ées Table
6Co and *>%Eu sources. I) detected in Microball. The inclusion of Ge detectors at
The events were sorted off line into variols-E, matri-  nearly the same angles does not significantly affect the
ces ancE ,-E,-E, cubes subject to the appropriate charged-analysis. The cosines of the detector angles around 90° av-
particle and analysis conditions. A summary is presented irrage to the cosine of an angle at 86° and those of the latter
Table I. Proton and alpha particles were identified andive angles to the cosine of 32the angular distribution of
cleanly separated using two independent pulse-shape dig-rays following heavy ion fusion evaporation reactions is
crimination techniqueg37]. The efficiency of the whole de- symmetric with respect to 90°). Pairs of gated spectra may
tection and trigger system, including a restrictive off-line be used to obtain directional correlations of oriented states
procedure for clean particle identification, was found to be(DCO ratios, defined as
78(1)% for protons and 6@)% for « particles in this experi-

ment. The reduced efficiency for the particles is mainly (v, at 32°; gated withy, at 86°)
due't.o the absorbe_rs in front of the_ Microball _detectors. In Rocolv1:72)= I(y, at 86°; gatedwithy, at 329’
addition to the exit-channel selection, the Microball data (1

were used to determine the momenta of the recoiling residual
nucleus from an event-by-event evaluation of the momentgherey, is a stretched?2 transition. The DCO ratios were
of all emitted charged particles. This allowed a precisenot corrected for detection efficiency because the relative
Doppler-shift correction to be made and considerably imfficiency of the detectors at “32°” and “86°" were found
proved the overally-ray energy resolution. The2and 2» o be equal within the 3% accuracy of the efficiency calibra-
gates contained sizable admixtures of higher charged-particigon. The DCO ratios obtained are given in Tables IlI-V
folds (3p, 4p, a2p, a3p, 2a2p, and 2xp, 2a2p, 3a, re-  together with the corresponding gates. In most cases gates
spectively which leaked through when one or two protons orwere summed up in order to improve statistics. This proce-
@ particles escaped detection. dure does not significantly affect the results as shown in Ref.
Table Il shows the experimental relative cross sections fof39]. The expected DCO ratios aRyco= 1.0 for a stretched
the reactior”®Si+ *®Ni which are deduced from the yields of E2 transition andRpco~0.5-0.6 for a stretched dipole tran-
known ground-state and bandhead transitions in variousition. Depending on the multipole mixing rati#{E2/M 1),
spectra with different charged-particle gating conditions. Bethe DCO ratio may differ from these values. Matrices were
cause of the energy loss in the target foil, the mean beagenerated for both the thin and the thick target experiments.
energy is approximately 128 MeV. The large numberThe thick-target data were especially helpful in determining
(=30) of detectable reaction channels requires the use qhe DCO ratios and, hence, multipolarities of the interband
Microball for the selection of weak channels or structurestransitions between the sidebands and the positive-parity
such as superdeformed bands or excited statés~1Z nu-  yrast cascades. Since the lifetimes of these states are typi-
clei. Due to the high beam energy, the number of evaporategally on the order of picoseconds, the correspondingys
particles per event is approximately four. The rgway  are emitted when the recoiling nuclei are at rest. This leads to
spectra are dominated by the pure charged-particle channedtean sharp lines in the spectra which here allow for a proper
"Rb+a3p, %°Sr+a2p, and ¥Sr+4p. Doublew evapora- analysis despite a decrease of the overall statistics.
tion channels such a§Rb and "®Kr are also comparatively ~ The spin assignments are also based on intensity argu-
strong (=5% of the total fusion cross sectipand are simi- ments; i.e., the more intense a band or transition is the closer
lar to the multi-proton one-neutron channe®Y(+3pn,  to the yrast line it is supposed to be. If the transitions are too
81Sr+4pn, °Sr+a2pn). The relative yields of the even- weak to deduce DCO ratio§2 character is tentatively as-
evenT,=1 nuclei are~0.5% and provide enough statistics signed to the transitions on top of rotational bands. High-
in this experiment to deduce extensive level schemes. Thenergy(1.5—-2.0 MeV} Al =1 transitions with magnetic di-
relative cross sections leading to tNe=Z nuclei 8%Zr and  pole character contain most likely a sizable amount of
8Sr are too small to provide considerable new information electric quadrupole radiation. Thus the DCO ratios defined in
A perfect (100% detection efficiency and no misidentifica- Eq. (1) lie between the values presented for pure stretched
tion) 1a0p particle gate should contain almost exclusively dipole and pure stretched quadrupole radiation. However,
transitions from the reaction chann@izr + «2n. In this  parity changing electric dipole transitions are expected to be
experiment, however, only a coincidence relationship bepure in the y-ray energy range considered. Therefore,
tween the two knowry rays[38] and two candidates for the Al=1 E1 character has been attributed if the DCO ratios of
67— 4" transition at 770 or 792 keV could be found. The high-energyy rays depopulating bandheads were consistent
leak through from other reaction channels due to the escapewith Ry~ 0.55 and their uncertainties were less than some
protons andx particles was overwhelming. For example, the 20%. Otherwise, the paritigand sping of the corresponding
transitions from®°Sr are a factor of=250 more intense than level have been placed in parantheses.
those of8%r in the 1o0p gated spectra. Even if the detec-  The more extensive studies with the largaletector ar-
tion efficiency for protons were to be 95%, this factor would rays such as Eurogam or Gammasphere have revealed more
be ~10. and more forkings at high rotational frequencies. Therefore,
The geometry of the Gammasphere also allowed the agdistinct coincidence relationships between the two highest
signments of spins based on the angular correlations of thiging transitions are demanded for building the level scheme.
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s N\ e, FIG. 2. Coincidence spectra 6fKr: (a) sum of the spectra in
o 4% o coincidence with the 1575, 1769, 2037, and 2380 keV transitions

(m=+, a=0 yrast banylin the 3a-gatedyy matrix; (b) sum of
FIG. 1. Proposed partial level scheme’8r. The energy labels  double-gated spectra in the 2- ax-gjated cube with one gate being

are given in keV. The widths of the arrows are proportional to thethe 456 or 558 keV transition and the second the 795, 1014, 1559,
relative intensities of the rays. Tentative transitions and levels are 1673, 1678, 1723, or 1850 keV transitionr€ +, =0 yrare
dashed. band; (c) sum of spectra in coincidence with the 1124, 1277, and

1410 keV transitions £=—, a=1 yrast bandl in the 3x-gated
Otherwise, the transitions are dashed and tentatively placegly matrix; (d) sum of spectra in coincidence with the 483, 701,
on top of the bands based on the expected increase @D43, 1203, and 1485 keV transitions€ —, =0 yrast banglin
v-ray energies in rotational bands.g., the transitions with the 3a-gatedyy matrix; and(e) sum of double-gated spectra in the

1816, 2085, and 2451 keV in Fig).1 2- or 3a-gated cube with one gate being the 456 or 558 keV tran-
sition and the second the 793, 894, 1066, 1216, 1917, or 1992 keV
A. Experimental results for 7Kr tkr:\r/lsmon (= —, a=1 yrare bany The energy labels are given in

Excited states irf*Kr were first observed by Piercey al.
[40] up to thel "=8" state. The level scheme was extendedpositive-parity yrast sequence was extended to a likely spin
by Rothet al.[41], who also measured lifetimes of the first I"=28" at 20 MeV excitation energy. The previously re-
two excited states using the recoil distance Doppler shifported high-spin scheni0,21] was confirmed with the ex-
(RDDS) technique. The yrast states above thé fate and ception of the tentative 1560 keV 20+ 18" transition[21],
the sidebands were corrected and extended in studies of Teich is assigned to be 1575 keV in this work. The negative-
bor et al. [20] and Heeset al.[21]. They presented consis- parity yrast bands reach spinsléf=28" and 29" at 20 and
tent level schemes up to a tentative™2@vel at 11 MeV 21 MeV excitation energy, respectively. These values are
excitation energy, the beginnnings of two negative-parityamongst the highest observed for normally deformed bands
bands, as well as lifetimes in the yrast band measured witin this mass regiof19,26. In the bandhead region of the
the Doppler shift attenuatiofibSA) method. The major find- 7= —, signaturea=0 band, a few of the previously tenta-
ings were a prolate-oblate shape coexistence at low spirts/e spin assignments were changed. Therefore, only new
(2%, 4" levels, see alsf7]), and a simultaneous proton and levels in the known cascades and the three rotational bands
neutron go;, band crossing at a rotational frequency of observed will be discussed in the following.
hw=0.66 MeV in the strongly deformed prolat@4{~0.4) Figure 2 showsy-ray spectra for the’*Kr+3a reaction
positive-parity yrast cascade. channel obtained by summing up a number of spectra subject
The level scheme of’Kr deduced from the present work to different gating conditions. Figurg@ is the sum of spec-
is presented in Fig. 1 and summarized in Table lll. Thetra in coincidence with the 1575, 1769, 2037, and 2380 keV
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transitions in the &-gated yy matrix. It illustrates the e, _(26°)

positive-parity yrast sequence and, especially in view of the

peak at 2792 keV, the extremely good peak to background 231

ratio that results from @-particle gating and kinematic cor- —_— By
rection. Figures &) and Zd) show the two signatures of the

negative-parity yrast band. The gating conditions can be 2252

found in the figure caption. Figuregi2 and Ze) illustrate e § )

the new positive- and negative-parity yrare bands via sums ] 2080 o0 @
of doubly gated spectra in &yy cube gated with two or e N PR i
threea particles. They gate on one axis was used to select e TJ: 1044!136f119—)
"4Kr (456 or 558 keV, while a second gate selected the band 194 wn o)

to be displayed. The peak to background ratio becomes oy % B;mm
somewhat worse but the in-band and high-energy interband 5 uﬁ@ o
transitions[e.g., the 1917 and 1992 keV transitions in Fig. 75597|V15~ us Ty ()
2(e)] can clearly be seen and attributed @r. The transi- of Yo mti” 1235

1208 6436 i (137)

tions connecting the various bands to the main positive- ooz s sl ()

. . . . . . w " 155
parity yrast band and their characteristiesergies, intensi- 1368 1378 099 szg*m s ()
ties, multipolaritiey can also be nicely deduced from the ‘“’le"’ wﬁeﬂ) Py Yo Mf'f@)
thick-target experiment. In general, the recoiling nuclei are at e o e I T eV E
rest by the time they cascade reaches the bandhead region. *--- X B 65 j;;%y—f:’,;%mﬂyézﬁ’
Hence, the lines in the spectra belonging to transitions de- 224_437_ 2"‘*’%“?"»'-"-164625‘”‘]"9 ! 189257?2 ;'7‘03254 R T
populating these states are sharp whereas those of compa- m.a?‘vfi msf_s* BB A xbo 150
rable y-ray energy at the top of the bands have Doppler- @ =%« / i
broadened and Doppler-shifted line shapes. i i

; +

_ OTQE(SE))]Ca?ﬂd ri;lgi k?efvtgi ::35+8ﬁR kev:g;?lo)][?;no_ FIG. 3. Proposed partial level scheme'8r. The energy labels
L ; . LbCo™ M are given in keV. The widths of the arrows are proportional to the

sitions were used to fix the spins and parities of the yrasfy|ative intensities of the rays. Tentative transitions and levels are

(7,@)= (-,1) band. The same argument holds for the 19173a5hed.

keV 7~ — 6" transition for the yraré¢—,1) band. Based on

systematics and intensity arguments, the level at 1203 keV is

most likely the first excited 2 state. Neither the 747 nor the ) " )

1204 keV transition is intense enough to deduce DCO ratios. SiSter et al.[10] reported the positive-parity yrast cascade

78 . .
The DCO ratio of the 738 keV transition provides evidence'" Srup to t_he 10 state._ Their measuremt_ent. of the life-
for a spinl=3 for the 1941 keV level and the abnormally times of the first two excited statgRDDS) indicate E2

e DCO rato of the 1486 ke ransicdor a cpole  UASIEn SHenohe of ore hn 100 Wetsskont s, Cros
transition suggests positive parity for that level. The 1486 Dot q b P

99 - . |™=22", but neither positive- nor negative-parity side bands
keV transition is a(self-coincident doublet with the 1485 ' . f

e ) ere established.
keV transition in the(—,0) yrast band. However, the thick- W : A band crossing was observed at

) : frmed the relatively | o . hw~0.55 MeV, and two(or more bands in ®Sr seem to
arget experiment confirmed the relatively large CO ratiojyieract strongly and over a large range of frequencies, which
of the low lying 3")— 2" transition. The DCO ratios of the

= i : _is rather unsusual for this mass region. The cascad&3n
672 and 1600 keV transitions determine the spin and parityyas found to be identical to the negative-parity bands in
of the 2613 keV 57 state, and those of the 714, 526, 483, 7Sy and, partly, the high-spin part of the band built upon the
and 327 keV transitions allow us to determine the spins o4~ state in "®Rb [34]. This strongly suggested that the
the 2656 (=4) and 3139 keV (=6) levels. With the [301]3/2 Nilsson orbital acts as a spectator in the negative-
present more complete information, the spins of the the 2618arity bands.

and 2656 keV levels had to be interchanged with respect to Figure 3 shows the largely extended level scheme of
Refs.[20,21], even though the DCO ratios of the 483 and "Sr from the present work. The data are compiled in Table
526 keV transitions in Table Il agree with those given in IV. The known level scheme of®Sr [10,42,34 has essen-
Ref.[20]. The parity of these levels and the band cannot bdially been confirmed. The 1941 ke\t939 keV in Ref[34])
rigorously determined on the basis of the available data. Th&ansition was found to be in coincidence with all the transi-
pattern of the whole band, however, strongly favors it to betions in the yrast+,0) band with the exception of the 1741
the signature partner of the yrast,1) band. The spin and keV transition. Hence, a forking is observed at high excita-
parity of the yrare(+,0) band is determined by the DCO tion energies. The situation is illustrated in Fig. 4. The spec-
ratio of the 1673 keV 14— 12" transition. All transitions tra in Figs. 4 are the sums of doubly gated spectra in a
in the yrast(+,0) band haveE2 character and because the 2a-gatedyyy cube. In Fig. 4a) oney gate selects thét,0)
same number of transitions exist in both bands between thgrast band below the 9254 keV 18state, and the second
yrare 14" and yrast 6 states, the transitions below the 6853 y gate selects the left part of the forking in Fig(tBe 503
keV 14" state in the yrare band must also h&® charac- keV 4" — 27 transition was excluded because it is a doublet
ter. with the strong 502 keV 13/2— 9/2* transition in the

B. Experimental results for "8sr
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FIG. 4. Coincidence spectra dfSr: (a) sum of double-gated FIG. 5. Proposed partial level scheme®r. The energy labels

spectra in the 2-gated cube with one gate being the 278, 712, 895,are given in keV. The widths of the arrows are proportional to the
1058, 1211, 1368, 1534 or 1695 keV transition and the second theelative intensities of the rays. Tentative transitions and levels are
1741, 1986, or 2252 keV transitioft)) same aga) but the second dashed.

gate being the 1941 or 2099 keV transitidpoth 7=+, a=0

bands; (c) sum of double-gated spectra in the-gated cube with 1646 keV transition is consistent with eitherd =0 or

one gate being the 278, 503, or 712 keV transition and the second| =2 transition. Assuming the latter, the 5982 keV and all
the 602, 788, or 956 keV transitionr& —, =0 yrast bangl (d)  higher lying levels in this band would be yrast. This would,
sum of double-gated spectra in the-Bated cube with one gate however, disagree with the observed intensities and the level
being the 278 keV transition and the second the 673, 866, 103Q~,equence of this band Strong]y Suggests it to be the Signature
1155, 1235, 1316, 1461, 1892, or 1931 keV transitie=(—,  partner of the previously mentioned negative-parity band.
a=1 yrast bangl and (e) sum of double-gated spectra in the 2 Figures 4c) and 4d) illustrate these two bands. Figuréstt
a-gated cube with one gate being the 278 or 503 keV transition andpows the structure placed on the right-hand side of Fig. 3.
the second the 220, 254, 313, 352, 445. 567, 666, 875, 1068, 18231 DCO ratio of the 1825 keV transition is consistent with
or 2080 keV transition 4= — yrare bands a Al =0 transition, and according to intensity arguments the
2606 keV state must have a spinlef4. The presence of the
interconnectingA| =1 (see Table I with parallelE2 tran-

sitions in conjunction with the absence of strong signature

transitions are not in coincidence. The coincidence betweep ... . . . .
the 1986 and 2252 keV transitions cannot be proven. Henc%ggns%;?:r;z efavors negative parity for this weakly popu

the transitions on top of Fhe 129.81 keV level are ten?ative. Finally, a tentative cascade was found that feeds into the
ghemi(;?é I;?Y t;?enjltslogc:ltrt]‘aﬂ]lreol[rllg?l’;[earzar;g dwasn(ig;?;medzm keV 2" state (left-hand side of Fig. B In terms of
A)r/mther new);‘egature inptheJr 0) sequencegis theygxistencé of yray energies it migh t correspond _to a*_%» 3"
a second 14 level only 11 k’eV above the yrast level. There s, 2"— 2" cascade similar to the ones ifkr (Fig. 1,
-+ ‘evel only y : 827r (Fig. 5 and other even-even isotopes in the region
are some indications for the presence of a 1585 keV trans[—15 43
tion feeding into the yrare 14 level. However, our search T
failed to find possible links to the 11 195 ke20™) state.

According to its DCO ratio the character of the 1892 keV
transition is most likelyE1. However, the large uncertainty  In an early study, the 2, 4™, and 6" states in®?Zr were
would also allow a mixedE2/M 1 radiation for this transi- tentatively identified[44] and confirmed by Mitarakt al.
tion. Thus the 3385 keV level is assigned to have a spi45]. They extended the positive-parity band up to a tentative
I =7 and most likely negative parity. The DCO ratio of the spin of |"=20" and reported one tentative side band. Dis-

2ap channel’’Rb[16,26). In Fig. 4b) the right branch was
used for the secongt gate. Clearly, the 1741 and 1941 keV

C. Experimental results for 82zr
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TABLE VI. Lifetimes, transition strengths, quadrupole mo-
(a) ments, and deformation parameters in the axial symmetric limit for
positive-parity yrast states i#fZr.

1000

©
5 ]
=} &

Ey I”E, T B(E2) 1Q
(kev) (h) (keV) (p9  (e’fm*)  (eb) | B2l
3000| L ®) 6491 14" 1277 —p3¢ >610 >1.32 >0.15
i g gt 1 5213 12" 1177 0.196) 1910030 2.36G) 0.265)

4037 10" 1128 0.286) 1940(3) 2.40G3) 0.274)
2909 8 1021 0.328) 230060 2.65G) 0.294)
1041 4 634 <10*® >790 >1.67 >0.19
407 2 407  404)° 183002 3.03¢) 0.332)

1399

effective lifetime not corrected for feeding.
bFrom Ref.[46].

Intensity
[=1

z |
gsgs

(+,0) band including the 1369 keV 16- 14" transition.
| The construction of the newW?zr level scheme is mainly
1000~ B T based on the analysis of th@-9jatedyyy cube. Since only
L - B 7 “:;3 L8 2 . a few percent of the raw [2gated events originate from
. !mj S w I W 827r, the 2p-gatedyy matrices contained many strong con-
i ] taminating transitions. Fortunately, the first three transitions
2000k N N )] (407, 634, and 847 keMn the main(+,0) yrast band were
® §Es found to be essentially clean. For example, only weak tran-
N sitions in 8Sr+4p (409 keV 18 — 17%) and *Rb+a3p
(407 keV 13/2 — 11/27) contaminated the 407 keV gate of
0 bty tihni) L et 827r. Depending on the part of th#Zr level scheme to be
Ey (keV) analyzed, these first two or first three transitions were used to
select®Zr in the 2p-gatedyyy cube. The secong gate to
FIG. 6. Coincidence spectra &fZr: (@) sum of double-gated e applied was then taken from transitions within the various
spectra in the @-gated cube with one gate being the 407 or 6343nds shown in Fig. 5.
keV trans_it_ion and the second the 726, 893, 1042, 1109, or 1211 Figure 6 illustrates sums of doubly gated spectra in the
I;S\e/cirrzni?tlﬁz g;ate’d“;iey\r;fﬁ l:)";‘]gﬁggesﬁgﬂgftﬁg“ﬂe?'ggéid o, 2P-gated cube prepared with the procedure described above.
847 keV transition and the second the 1252, 1277, 1369, 1379, Qli;ﬁité;]ewig) eg[gﬁgggs ut[:?(tao ‘;O;Irt(lj\gz&ae”?;)irﬁrgfitzg e{guiag ces

1636 keV transition =+, a=0 yrast bangl (c) same agb) but . . . !

the second gate being the 735, 951, or 1399 keV transition'v.Iev excitation energy. Definite spin assignments were pos-
(m=—, a=0 yrare bany (d) Sam’e as(t;) but the second gate sible up to the 9112 keV 18 level. The yrare states at 7992
being the 689, 867, 1439, 1593, or 1751 keV transitian=(, apd 9.453 keV may represent the continuation _of the 2 qua-
a=1 yrast banil and(e) same aga) but the second gate being the S|.part|cle(qp) band. On the left-hand side of Fig. 5 and in

271, 378, 650, 819, 962, 1053, 1072, 1081, 1225, or 1816 ke\Fid- 6@), the previously tentatively1042, 726, and 893
transition (r=—, a=0 yrast banil The energy labels are given in keV) assigned side band is shown. Similar to the 1486 keV

keV. transition in “*Kr, the DCO ratio of the 1042 keV transition
lies in between the expected values for puté=1 and

tinct band crossings were observedfat=0.57 MeV and Al =2 transitiong Rpco=0.85(9)] for both the thin- and the
hw=0.69 MeV and attributed to consecutive proton andbacked-target runs. This DCO ratio excludes a parity-
neutrongg, alignments. Finally, Chish#t al.[46] measured changingEl Al=1 character and a1 Al=0 assignment
the lifetimes(RDDS) of the first two excited states. Both the is unlikely in terms of the DCO ratio, systematics, and inten-
rotationallike sequence of states and the transition strengtlsity arguments. The band is significantly more intense than
indicate a deformedf,~0.3) shape. the structure built upon the 2692 kd¥ ™) state. Finally, the

In Fig. 5 the level scheme df’Zr as deduced from the existence of the 408 keV transition rules out a assign-
present work is presented and a summary can be found iment for the 1449 keV level. The intensity argument also
Table V. The level scheme is consistent with the previougavors aAl=1 assignment, buhl =0 cannot be ruled out
work up to the 7860 keV 16 state and the tentative side- completely. Therefore, the spin-parity assignment of the
band [45] has been confirmed. The reported 1375 keV1449 keV state i$"=(3)". Similar to the neighboring even-
(18")—(16") and tentative 1592 keV (20— (18") tran-  even nuclei the level at 1061 keV most likely represents the
sitions were found to belong t&Zr. However, a 1252 keV first excited 2 state.
transition replaced the 1375 keV transition which is now Figures &c) and §d) show the two bands in the middle of
placed as a 1379 keV transition on top of the 9112 keVthe level scheme of Fig. 5. Arguments similar to those in the
18" state. The 1593 kel ray is a doublet. With about 2/3 cases of *Kr and "Sr may be used to assign the spins and a
of its intensity carried by a new!7)— 6" transition, it also  tentative negative parity. For the structure on the right-hand
is in coincidence with higher lying transitions in the yrastside of Fig. 5 the DCO ratio of the 1816 keV transition
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T T T T T T T @ and the sidefeeding timey in this mass region presented in
a00 |- @] g Ref. [50]. A generous uncertainty of 30% was imposed on
-;; these feeding times since they may vary considerably from
i 1 nucleus to nucleus or even from rotational band to rotational
plo0 ] . ‘g’ T band[51]. To .account for the uncertaintieg in the side- and
:’:J - 3 7 (ps) cascade-feeding pattern, least-squares fits were performed
Z .00l ®) | (@) with the feeding times and intensities varied randomly within
T S OI2A) BS G a6 ps their errors. Figure (¢) shows the distribution of the fitted
- 1 . _°% 22 lifetimes of the 4037 keV 10 level for 500 different feeding
100 L | onme D"l.;(;)—i—lf scenarios. In Table VI the centroid of this distribution is
o s%i»_fs W7 o+ adopted as the lifetime. The error corresponds to the full
1100 1150 o5 width at half maxima of distributions such as Figcjz An
Ey (keV) —» & additional 20% systematic error accounts for possible uncer-

FIG. 7. Example of the line-shape analysis of the 1128 kthalmleS in the slowing-down process.

10" — 8" transition in 82Zr. The observed and fittedhick lines
line-shapes in the backward ®=145°) and the forward
(®=235°) Ge-detector rings are shown(@ and(b). (c) illustrates The high-spin data of th&,=1 Kr, Rb, Sr, and Zr nuclei
the distribution of fit results to the line shapes(@ and(b) using  have been analyzed using the pairing-and-deformation self-
the feeding pattern shown i) and a Monte Carlo variation of the - consistent total Routhian surfa€BRS) model. The model is
feeding times within their errors. The vertical line (c) represents  phased on the macroscopic-microscopic method of Strutinsky
lines correspond to the FWHM of that fit. In Table VI a 20% sys- according to the mass formula of R¢&3] and the single-
tema_tic error i§ addeq du_e to uncertainties in the stopping-powebartide potential is of Woods-Saxon type. The pairing chan-
function and sidefeeding times. nel includes seniority and doubly stretched quadrupole pair-
B i . . ing interactions to avoid spurious shape dependébidk To
[RDCOE 0'4|7(7)|] W?‘S usid to EX the spin and I}Ja;’ﬁlty_of the 4void a superfluid-to-normal phase transition due to the
2857 keV level. Thereatter, t_e DCQ ratios q_t ¢=1, mean-field approximation, we employ an approximate
271, and 378 keV as well as higher lyig transitions were 5 icle number projection known as the Lipkin-Nogami
used to determine the spins within that band. A number Of,ahd[55 56, The total Routhiariexpectation value of the
single and doubly gated spectra indicated an enhanced intepzaning Hamiltonian in the rotating frame of referenie
sity fo_r the 1072 k_eV 16— 14 transition suggesting the  minimized with respect to the quadrupol,{ ) and hexa-
tentative structure in the lower right corner of Fig. 5. decapole 8,) deformation parameters. The details of our

. Dude ttc)) the _comparativgg clee:jn gating (f:ondli_tfions mefn'calculations strictly follow Refd56,57]. The present version
tioned above, it was possible to deduce a few litetimes 1oyt o, code allows us to block self-consistently only the

states in the yrast+,0) band frqm th'e backed tafget experi- lowest quasiparticle states in each parity-signatusea|
ment. The results are summarized in Table VI, including the, ;o |n the following we will use the standard spectro-
lifetime values deduced earl|_er for _the two lowest st@d@. scopic notation, namelp, B, E, and F, to label the 1qp
An examplg of a Dopp_ler-shn‘ted line-shape analysis If prebonfigurations that correspond to-(+), (+,—), (—,—),
sented in Fig. 7. The line shapeif the 1128 keV' 108 and (—,+) combinations of parity and signature quantum
transition is shown at backward® =145°, Fig. 7@] and  nympers, respectively.
forward[ ® =35°, Fig. 1b)] angles. The thick lines represent  The low level density of nuclear states simplifies possible
the results of least-squares fits to the spectra. Based on tligeoretical assignments of the low lying excited bands in
stopping-power theory of Lindhardt al. [47] the velocity terms of 2gp excitations. The single-particle orbitals of inter-
distribution of the recoiling nuclei was Monte Carlo simu- est are[431]3/2 and[312]3/2 (and to some exterj310]1/2
lated with the codeESAsTOP[48,49. The Q value of the and[303]7/2) below theN =38 subshell closure, tH&22]5/
reaction and the energy and angular distributions of the orbital separating th =38 andN= 40 subshell gaps, and
evaporated light particles, the angular straggling of the rethe[301]3/2 and(at even larger deformatiof431]1/2 states
coils, and the opening cone of the Ge detectors were takesbove theN=40 shell gap. The appropriate Nilsson dia-
into account. grams are presented in Fig. 8. In our calculations, only the
The lifetime of the 6491 keV 14 state was determined [431]3/2 orbital shows large signature splitting at large pro-
effectively; i.e., without corrections for the side and cascaddate deformation. At this shape some signature splitting is
feeding, as the lifetimes of higher lying discrete levels arealso predicted for thd310]1/2 orbital but the remaining
unknown. For the determination of the lifetimes of the lowerstates listed above do not show any sizable signature split-
lying states, both side and cascade feeding was included. Thimg. The calculated signature splittings of té31]3/2,
peak of the 847 keV 6— 4" transition showed no obvious [422]5/2,[312]3/2, and[301]3/2 orbitals agree well with the
Doppler-broadened line shape. Hence, a lifetime for the 1888mpirical data in, e.g., the odal-nuclei "°Rb, "Rb, ’’Sr,
keV 67 state could not be deduced. Figur@)7illustrates and "°Sr (see, e.g.[58]). One might expect signature split-
the feeding pattern used for the 1128 keV'10 8" transi-  ting to be present in thp431]1/2 orbital. However, in terms
tion. The sidefeeding times were taken from an empiricallyof the spherical shell model t§431]1/2 state is a mixture of
parametrized correlation between the excitation endfgy orbitals originating from theds, and g;, states that have

Ill. DISCUSSION
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A. Band structures in "*Kr

-10 —
1. The positive-parity bands

o N The irregular pattern at the beginning of the positive-
S B I ] parity yrast band in*Kr (Z=36, N=38) is attributed to a

; prolate-oblate shape mixing at low spif&7]. Thereafter, a
well-deformed prolate band evolves and the irregularity
around spin =14 has been interpreted as due to the simul-
taneous alignments of the proton and neutggy} orbitals

Neutron single-particle levels (MeV)

- o ; [21].
PR 3 VS TRy R The calculated and experimental Routhians for positive-
0403 02 01 0001 02 03 04 03 06 BT D and negative-parity bands iffKr are shown in Figs. @)
0

and 9b). Due to theN=238 subshell closure, neutron 2gp
excitations are predicted to lie at much higher excitation en-
ergies than the 2gp proton excitations over the entire fre-
=TT ] guency range. The lowest 2qp positive-parity band is, there-
fore, expected to be built on arfg,)? (AB) configuration.
The 2gp positive-parity band involving negative-parity orbit-
als like 7[ 312]3/2 (the EF configuration is predicted to lie
higher in energy, at least at low spins. These observations are
in agreement with the exprimental Routhians’@Rb [58].
The agreement between theory and experiment for the
0T o 0s oe 07 os positive-parity bands is satisfactofisee Fig. 9a)]. The
B, crossing between ground-state bafgsbh and S band at
hw~0.65 MeV is well accounted for in the calculations, as

FIG. 8. Neutron(top) and proton(bottom single-particle levels illustrated in Fig. @b). Its structure is rather complex: The
in ®sr as a function of the quadrupole deformatis(8,=0)  alignment of a pair ofyy, protons induces a shape change
deduced from a Woods-Saxon potential. The diagrams are represefesylting in a simultanous alignment g§,, neutrons that in
tative for N~Z nuclei in theA~80 mass region. Positive-parity trn induces even larger shape distortions, as suggested and
orbits are indicated W|th solid lines, negatlve-panty_ orbits with giscussed in detail in Ref21]. In particular, the quadrupole
dashed Ilnes._ Th(_e spherical quantum numbers are given as well {formation of this band is predicted to drop from
the asymptotic Nilsson quantum numbgtén,A J2. Note that es- [B2~0.38 at low frequencies to beloys,~0.30 after the
pecially some of the negative-parity levels are strongly mlx_ed. Th a{ignment. This is accompanied by a substantial change in
numbers denote the nucleon numbers at pronounced or |mporta{he hexadecapole deformation frog,~0.0 to almost
shell gaps. . . A

Ba~—0.05, but the shape is predicted to remain prolate. The
opposite signature splitting. The resulting lack of signaturémagnitude of these changes is typical of most of the bands
splitting is, therefore, due to cancellation that appears agalculated here but, with increasing mass, the aligjgg
large prolate deformations only. quasiparticles lead to triaxial shapes.

The calculated minima at large deformations are predicted The excited band reveals a clear shift of the crossing fre-
to be rather shallow and to coexist with oblate structuresguency with respect to the gsb By(7w)~0.3 MeV [see
The shallowness of the energy surface is indicated by, e.gFig. A@)]. This shift is a natural result of the blocking of the
the low lying y-vibrational bands that are commonly ob- 7[431]3/2 orbital. The observed band crossing is due to the
served experimentally in this region. Thg Ztates lie at an  alignment of a ¢gg,) * neutron pair. At large prolate defor-
excitation energy of 1.204 MeV ifkr, possibly at 1.478 Mmation, the neutronige/;) > alignment is expected to take
MeV in 78Sr, and at 1.061 MeV irf2zr. The vibrational Place at larger rotational frequencies than the corresponding
degrees of freedom are beyond our model and neither theroton (mde,;) > alignment due to the position of the neutron
y-vibrational bands nor vibration-rotation coupling are in- Fermi level which is higher in thgg, shell. The shift of the
cluded in the discussion in a quantitative way. The shap&rossing frequency supports theds,;)* assignment for the
softness further implie&t least theoreticallythat the shape Observed 2qp band. However, at low frequencies, our model
is very sensitive to the rotation-induced alignments. In factclearly underestimates the excitation energy of this band.
almost all the calculated bands in this mass region showWloreover, relatively strong linking transitions to the gsb
pronounced shape changes at rotational frequencies corr@ake it difficult to pursue a pure 2qp scenario, suggesting
sponding to the alignments of nucleons occupying stateBOssibly vibrational admixtures.
originating from mggq, and vgg, Subshells. Satisfactory . .
agreement between theory and experiment inTthe1 nu- 2. The negative-parity bands
clei analyzed here as well as in thie=1/2, "°Rb and ’’Sr At prolate deformation, the negative-parity bandheads can
nuclei analyzed in Ref58] supports this scenario. Recently, be easily generated by breaking a pair of protons below the
the lifetimes in positive-parity bands 6fRb have been mea- N,Z=38 gap rather than exciting a neutron across the gap.
sured and the extracted transitional quadrupole moments d@ossible configurations arer[ 312]3/2® #[431]3/2, and,
crease substantially as a function of rotational frequé@6éy  energetically less favored,n[310]1/2® #[431]3/2, or
which strongly supports the scenario of a shape change. =[303]7/2® 7[431]3/2. The calculation assigns the two
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FIG. 9. Theoretical and experimental cranked-shell model quantitie$for (a) The experimentalsolid symbol$ and theoreticalopen
symbolg Routhians vs the rotational frequency for the positive-parity ground-state (gabdand the signature=0 sideband AB). (b)
The experimentallarge symbolsand theoreticaismall symbolg Routhians vs the rotational frequency for the negative-parity side bands in
7Kr. Open (solid) squares denote configurations of signature —1 (0), respectively. Open circles denote the empirical data for the
weakest negative-parity sideband. The triangles label the results for the gsb. These data are included here to illustrate the relative excitation
energy scheme as a function of rotational frequeficyThe aligned angular momentum vs rotational frequency for the gfKin Large
symbols denote the empirical data while small symbols label the result of the calculations. The individual proton and neutron contributions
to thel, are depicted separatelfd) A plot of the aligned angular momentum as a function of rotational frequency for the negative-parity
sideband of signature=0 (AE) in "*Kr. Open squares denote the empirical data while solid squares denote the result of the calculations.
The individual proton and neutron contributions are also shown. The agreement between the data and the calculatiars Tosigmature
partner AF) is similar.

lowest, strongly populated, negative-parity bands asr[312]3/2® 7[431]3/2® (v[431]3/2)?, the positive-parity
a [431] ,—1,® 7 [312] ,— ~1/». The calculated bands nicely sequence if®Br [59] ("°Rb[58]) can be reached. In Fig. 10
reproduce the experimental data but show an offset of théhe dynamic moments of inertia and the alignmeéragthese
order of~ 300 keV in excitation energy relative to the gsb. A bands are compared. Even though they are not “identical”
similar shift is obtained for th¢312]3/2,_ 15>, 1gp bands [60] they behave very similarly, especially in the case of the
in ®Rb [58] suggesting that the relative position of thg,  negative-parity bands if*Kr and the positive-parity band in
andf s, orbitals is misplaced by the corresponding amount in”°Rb. The range of interaction between the ground-state and
our Woods-Saxon potential. Small deviations for the calcualigned 2qgp neutron bands is exceptionally broad
lated signature splitting are also seen but, as discussed (A% w~0.5 MeV). This may not be fully explained by the
Ref. [58], the signature splitting of th312]3/2 orbital is large N=38 shell gap[61,58. The additional presence of
very sensitive to the triaxiality of the shape and can easily batrong residuall =0 n-p pairing in the course of the align-
inverted wheny changes sign. ment in these bands might smooth the alignment pattern.
The third (weakest negative-parity band can be assignedAfter the N=38 gq, alignment a single proton and a single
as thew [431] ,—4,, coupled to ther[310]1/2 (pseudospin neutron are left in exactly the samié31]3/2 Nilsson orbit
partner of[ 312]3/2) or the#{303]7/2 orbital. Since the ro- for the positive parity in”°Rb and the negative parity in
tational bands build upon the high-[303]7/2 orbital are  "*Kr. However, there is not an obviously large discrepancy
strongly coupled, one expects to experimentally observe bothetween the experiment and the standard calculatioas
signature partners. Observation of only one branch favors thglecting n-p pairing correlations in either "°Rb [58] or
m[310]1/2 orbital. The signature splitting of this orbital de- "“Kr [see also Fig. @)] that would definitely call for invok-
pends strongly on triaxiality and the observation of theing collectiveT=0 pairing.
a=1 branch speaks in favor of a negatiyevalue.
Interestingly, the Routhians of tH812]3/2 orbit behave
quite similarly to the[301]3/2 orbit — essentially flat with
increasing frequency. The latter was interpreted as a “spec- To obtain a better perspective on how well our theoretical
tator” orbital which possibly gives rise to the “identical” calculations are able to reproduce the known properties of
bands observed inf""%r and "®Rb [34]. By subtracting the T,=1 nuclei, we include here a discussion of the odd-
(adding a proton from (to) the configuration odd nucleus’®Rb studied in Ref[35].

B. The odd-odd T,=1 nucleus "®Rb
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(D= . quantities for’®Rb. (a) The experimentallarge symbolsand the-
0 . ) . . ' . oretical (small symbolg Routhians vs the rotational frequency for
02 04 06 08 10 12 the positive-parity bands. The empirically observed bands are inter-
hio (MeV) preted as the three most favored signature combinations of the

7[431]® v[422] quadruplet, namely therAvA, wAvB and 7B
FIG. 10. Dynamic moments of inerti@? and alignments of vA configurations. The very unfavored signature member of this
rotational bands in"Kr (7=—,&=0,1), “Br (+,+1/2), and 9quadruplet, therBvB configuration is also shown as well as the
7Rb (+,+1/2). They are considered to be “identical” with respect triaxial (y~—30°) structure. See text for further details) The

to the presence or absence of protons in[8%2]3/2 orbital in their ~ €xperimental (large symbols and theoretical(small symbols
intrinsic configuration. Routhians vs rotational frequency for the negative-parity bands.

Only two signature combinations EA and FA) of the
[ 312|® v[422] quadruplet are shown for the reason of clarity.
The energetically most favored rotational bands in thisthe open and solid diamonds indicate negative-parity bands built

nucleus are calculated to involve the422]5/2 orbital  upon then[431]® »[301] configuration. The yrast noncollective
coupled to a state from below th&=38 subshell closure. structures are also shown.
The positive-parity bands, therefore, are expected to form a _ :
qguadruplet of bands involving the various possible signature At_ low .rotat|onal frequenues, the well-defo_rmed
combinations of ther[ 431]3/2® v[ 422]5/2 orbits. The large negative-parity strucf[ures |_nvoIve the [422]5/2 orbital
signature splitting of ther[431]3/2 counteracts the small coupled to the negative-parity states from below he38

. " : s . ap. The lowest configuration is expected to involve all pos-
signature splitting of the/[422]5/2 orbital. With increasing gibﬁ)e signature combi%ations @422]%/2(8[312]3/2 and a?
rotational frequency, an average signature splitting develo '

A g PRdw rotational frequencies, would form a quadruplet of al-
due to the Coriolis mixingsee also’’Sr[34]). The quadru- degenerate bands as observed experimentally. For rea-
plet of positive-parity bands will split into two doublets. ¢ns of clarity, only two out of foup [422]5/2%  [312]3/2
Namely, the so-calledA and AB configurations involving configurations are shown in Fig. (. The remaining two

[ 431] 4= 129 V[ 422] ,— - 1 Will lie lower than the so-called  combinations are degenerate at low spins with the ones pre-
BA and BB bands built onw{431],-_1,®v[422],- 1>  sented in the figure. The excitation energy is fairly well re-
configurations, respectively. Note, th&) both available produced but the theory predicts for these configurations
high-j orbitals are blocked an(i) static pairing correlations rather small deformation changes at the crossing frequency
are rather weak because of blocking. One might even corand, therefore, the yrast-yrare interactions are strongly over-
sider these configurations as effective doubly magic strucestimated. Ther [431]® v [301] configuration is predicted
tures. Therefore, the theoretical Routhians are expected to he lie higher in excitation energy at low frequencies but it
almost unperturbed by nuclear rotation over a wide fre-aligns more angular momentum because of a smaller defor-
guency range. All these simple considerations are well acmation and becomes strongly favored in energy above
counted for by the calculations as is shown in Figial1Our  Zw~0.6 MeV. Note also low lying, noncollective configu-
results are in excellent agreement with the experimental dateations at frequencies abovien~0.6 MeV. Two additional
[35] implying that the signature splitting properties of the negative-parity bands observed in this nucleus can be inter-
orbitals originating from they,, subshell are properly taken preted as eithewr[422]® #[310] or v[422]® w[303]. The

into account(see again’’Sr as discussed if58]). observed small signature splitting would favor the latter as-
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“ro of the orbits near the neutron Fermi level of the valeped of
ob Vo b b iy neutrons[26].
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ho (MeV) calculations, the 16, 7g3,®rg3,, configuration is pre-

dicted to be favored angi) the yrast band forks above spin

FIG. 12 (a) The experimentallarge symbolsand theoretical g+ pyioh s difficult to explain within the TRS model. Our

(small symboly Routhians vs the rotational frequency for the lculati indicate th ist f low Iving triaxial st
ground-state band and negative-parity sidebands’48r. At calculations indicate the existence ot low lying triaxial struc-

hw>0.8 MeV our calculations strongly favor energetically the tri- tures Wh'Ch_ are becoming yrast at the rotational ,frequency
axial (y~—15°) structure marked by open circles. See text forcorresponding to the frequency where the fprkmg takes
further details(b) The aligned angular momentum vs the rotational Place. However, Ehe calculated values of the aligned angular
frequency for the gsh. The empirical data are marked with larggnomentum, I,=(j,), exceed the experimental values by
symbols while small symbols indicate the theoretical resitts. ~3 for this configuration. In fact, our calculations predict
The aligned angular momentum vs the rotational frequency for thehe triaxial configurations to become more and more favored
negative-parity sidebands iffSr. The empirical data are marked with Z>38 andN>38. The theoretical check of the sugges-
with large symbols while small symbols again indicate the theorettjon that the left branch of the forkin¢see Fig. 3 can be
ical results. attributed to a so-called “unpaired” band crossifsge be-
low) would require a full diabatic tracing of the configura-
signment. The assignments agree well with the previous sugions near the neutron Fermi level. This has been done in

gestions in Ref[35]. Ref.[26] but would exceed the frame of the current investi-
gation.
C. Band structures in "8sr Recently, a so-called “unpaired” band crossif&2] has

been reported for the nucleddRb [26]. Two positive-parity
rotational bands of the same signature were observed over a
The Z=38 andN=40 proton and neutron subshell clo- wide range of frequencied € 9/2-45/2. They change the
sures stabilize the shape of the nucleus. The calculated gsbysast character @ w~ 0.8 MeV but since the yrare band also
predicted to be well deformedBt~0.4) and stable over a starts at low spins the conventional band-crossing mecha-
large frequency range. At this shape both proton and neutronism of two aligning hight neutron quasiparticles is ex-
alignments are predicted to be very smofidrge interac- cluded. In fact, the moments of inertia and the measured
tion, see Fig. 1@)]. Experimentally, the interaction is even transition quadrupole moments indicate that a strongly de-
stronger and the experimental and theoreticalurves show formed band B,~0.4) is crossed by a less deformed band
different trends. Moreover, the data clearly indicéitethe  (B,~0.3). A diabatic tracing of the configurations near the
existence of an energetically favored 14tate while in the neutron Fermi energy attributes this crossing to a change in

1. The positive-parity bands
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16 . , . to even higher spin$26]. Similarly, the energetically fa-
. % vored negative-parity bands ifKr (Z=36,N=40) provide
z g \ E IV~ 72) [15,63 as well as several bands in the odd-odd
= 1l '\ . 1s system "®Rb [35]. Figure 14 shows the kinematic moments
=2 b N " 8 of inertia for the positive-parity yrast bands of a series of
2 " E even-evenl,=1 andT,=2 nuclei(solid circleg at the ro-
;'2 Ai /'\i "% tational frequency ofiw=0.3 MeV. This typically corre-
= 8 = » 18 sponds tol ~4. The distinct spike in the/t") of 78Sr adds
3 \/ '\, P further evidence for the predicted large shell gaps and,
v ] 2 hence, to the assumption that these nuclei have such large
4 . mr—— prolate ground-state deformations. As compared®gr the
74 76 78 80 82 84 86 moments of inertiaZ?) for the self-conjugate nucleu€Sr
Kr Kr Sr Sr Zr Zr Mo (8%2r) are slightly large(smalley. If (i) small changes in the

pairing and(ii) possible small variations in the low-spin con-

i i inertig i - g L .
FIG. 14. Kinematic moments of inertig® at a rotational fre figuration mixing are negligible, the gap BitZ =238 should

quency ofiw=0.3 MeV for the positive-parity yrast bands in a - N
series of even-evefi,=1 andT,=2 nuclei in the vicinity of "8Sr be somewhat larger than the oneNiZ=40 which is in

(solid circles. The alignmentAi at #w=1.0 MeV of these bands agreement with the predictions. The reduced pairing strength
relative to the Harris parametrizatidf4] (J,..7;.io) = (18,0,0) is  shall lead to flatter Routhians because &=38 gap per-
also shown(solid squares In the case of’®Sr the yrare branch Sists to very high frequencieg o>1 MeV) [2]. As a con-
above the forkingsee Fig. 3was used for reasons discussed in thesequence, smaller alignments along the rotational bands are
text. expected. The alignmentsi at%»=1.0 MeV are included

in Fig. 14 as the solid squares. They were calculated relative
the orbitals occupied by the valence neutrpair — the  to a reference rotor according to the Harris parametrization
w[431]3/2® (v[422]5/2)? configuration is favored at low [64] (Jo,TJ1.i0)=(18,0,0). For’®Sr the yrare branch above
frequencies, ther[431]3/2® (v[301]3/2)* configuration at  the forking (see Fig. 3 was usedsee Sec. Il B, the yrast
high frequencies. This feature should be unique(ilothe  branch would add only one additional UniThe “symmet-
particle numbeN,Z=40 (see Fig. 8, Refl26]) with (ii) the  ric” course of the moments of inertia and the alignments in
first gg/, alignment of the other kind of nucleons suppressedFig. 14 fit well into the scenario described above.
Therefore, other good candidates are the negative-parity
bands in"®r, the positive-parity bands if®Sr and®°zr, and
the negative-parity bands ff1Zr. The latter two are yet to be
identified (at high spins Hence, theZt?) moments of inertia The sidebands appear to follow the scenario of simple 2qp
and the alignments of the "®Kr (—,0), "Rb (+,+1/2), and  excitations and they are assigned 1d%22]® »[301] con-
83y (+,0) yrast cascadegto highlight the so-called “un- figurations. Due to the closed prolate-deforméd 38 and
paired” crossing are shown in Fig. 13. Indeed, the bands in N=40 shells, the negative-parity bands are high in excitation
"®r and "®Sr also provide a crossing at high rotational fre-energy and only weakly populated. This might be the main
quencies, and the standard type Woods-Saxon calculatioieason why they have not been observed in previous inves-
(see abovecannot reproduce the crossing at least’#§r.  tigations. As theN=40 gap seems to be only slightly smaller
However, in contrast td'Rb, only a forking is observed in than theZ=38 gap (see above one expects to identify
the even-even isotones, not two sequences persisting fronegative-parity bands built upon neutron as well as proton
very low to very high spins. Clearly, more detailed spec-2qgp states at similar excitation energies. The possible con-
troscpic data are necessary, and future detailedigurations are (i) w?[431]3/22 v[ 422]5/2® v[ 301]3/2
configuration-dependent cranking calculations including(K=4); (i) [ 431]3/2 7[ 301]3/2® (v[ 422]5/2)?
pairing (which are beyond the scope of the present paper(K=3); or (i) =[312]3/2® 7[422]5/2® (v[422]5/2)?
may provide insight into this phenomenon. (K=4), respectively.

Clearly, the two large gaps &,Z=38,40 at a prolate Based on systematics, tfeeutron-exciteflconfiguration
deformation of 8,~0.4 (see Fig. 8 are dominating the (i) can be assigned to the more strongly populated signature-
nuclear structure of the nuclei in the vicinity 68Sr. How-  partner bands in the middle of Fig. 3: By removing or adding
ever, forN,Z=36 orN,Z=42 the energy gaps on the oblate a neutron in the presumd801]3/2 “spectator” orbital the
side are expected to be competitive. Large shell gaps lead fositive-parity yrast bands if”’%Sr can be reached. Conse-

a reduction of the pairing strength which may result in neaquently, the dynamic moments of inertia, experimental
rigid rotation already at low rotational frequencies. NearRouthianse’, and alignments$ of these bands are illustrated
rigid rotation is generally presumed if the kinematic momentin Fig. 15. All bands exhibit a commo(proton band cross-

of inertia /) equals the dynamic moment of inertig?)  ing atZw~0.6 MeV underlining their similar structure. The
over a wide frequency range although the sum of the microgain in alignment Ai~5) is typical for an aligned pair of
scopic contributions to the moments of inertia may “acci- gg» nucleons. The cranked-shell model quantities for the
dentally” satisfy this condition. Here, the most prominent second negative-parity band seem to behave similarly to the
example of rigid rotation is the positive-parity yrast band inpositive-parity ~yrast cascade in’'Rb [#[431]3/2
"Rb (Z=37, N=40). The subject was extensively dis- ®([422]5/2)?]. The tentative 3 state at 2310 keV excita-
cussed by Lhmannet al.[16] and recently shown to persist tion energy also speaks in favor of the proton-excited con-

2. The negative-parity bands
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(©) 1 FIG. 16. The upper part shows band-crossing frequencies of
2L ‘“Visiﬂ,.;{ | pairs of gg;» nucleons for®zr and neighboring nuclei. Squares
NBQ denote knowri{solid) and assigne(pen neutron crossings, circles
~ > 1 denote proton crossings. In the lower part the alignmentsrota-
7 in82 — — 83
§ 0L og— o900, | tional bands in°*Zr (7= —,a=0) and *Zr (+,+1/2) are shown.
Y -i’a\ ]
"\.,.] beyond the gaps d{=38 and 40 which drive the lighter
2f e ] nuclei towards large prolate deformation. In fact, the mea-
sured lifetimes indicate a deformation pB,|~0.3 rather
L than 0.4 for the positive-parity yrast cascade®f@r. This
02 04 06 08 1.0 band is predicted to start at a prolate-deformed shape,
ho (MeV) e.g., Refs[2,45]) and its evolution is interpreted as a proton

Jo» crossing followed by a neutromg, crossing[45].

FIG. 15. Dynamic moments of inertia®, experimental Though the second band crossing is now found to occur at
Routhians e’, and alignmentsi of rotational bands in"®r 7 w~0.65 MeV (as compared tdiw~0.69 MeV in Ref.
(m=—,a=0,1), and"""Sr (+,+1/2). They are considered to be [45]) the arguments presented in Rief5] are still valid. The
“identical” with respect to the presence or absence of neutrons inypper part of Fig. 16 shows the band-crossing frequencies
the [301J3/2 orbital in their intrinsic configuration. hw. of 82Zr and some of its neighbors. The squares represent
the known(solid symbo) or suggestedopen symbal neu-

figuration (ii) mentioned above. However, lack of experi- . . :
tron alignments and the circles are proton alignments. In the

mental data in’8Sr itself and %Y, i.e., one proton added to A _ ! _
the configuration(ii), does not allow for a definite assign- (1,+1/2) band in **Y [66,67 the first proton alignment is
ment. blocked. Hence, the crossing/ai~0.67 MeV is attributed
In the calculations, the excitation energy of these bands i @ neutron crossing. According to lifetime measurements
overestimated by a constant valueAs“~ 400 keV over the  this crossing is supposed to induce a shape change from a
entire frequency rangesee Fig. 123)]. We believe that this well-deformed prolate shapeB¢~0.35) towards a triaxial
shift is rather due to an inaccurate treatment of the gsh(y~ —30°) configuration[68]. In the (+,+1/2) band in
where the coupling to the vibrational degrees of freedom i°3Zr [69,70 the first neutron alignment is blocked. By means
not taken into account. The calculated and experimental valbf the measured sign of the mixing rat®fE2/M 1) of a low
ues of the angular momentum agree very well as shown ifying transition the band was found to keearly oblate
Fig. 12b). This and the result obtained fdfKr (see discus- [g,=—0.28(2)] and built upon thg422]5/2* Nilsson or-
sion abovg support the conclusion steming from the RPA pjta| [69]. The shapes of the negative-parity bands, however,
these nuclei are almost pure 2qp excitations. g-factor measurement that the aligning particles responsible
for the first crossing irf“Zr are protons. In the ground state
and at low rotational frequencies calculations indicate a tri-
In contrast to“Kr and "®Sr, the number of protons in axial shape 8,~0.28, y~—20°) for this nucleus, and the
827r exceedsZ=138. Similarly, its neutron Fermi level falls crossing frequencies are well reprodud@@,73. The “de-

D. Triaxial rotation in the Z>38 nuclei
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FIG. 17. The curve marked by solid dots represents the experi- F|G. 18. The total Routhian surface calculated at low rotational
mental Routhian of the gsb if’Zr. Theoretical calculations are frequency(left pane) and high rotational frequendyight paneJ in
marked with open circles and the curve marked as “wdb” corre-82zy The distance between the contour lines amounts to 200 keV.
sponds to the well-deformed band which is calculated to be yrast &{ote an extreme quadrupole shape softness at low spins which is

low rotational frequencies. “tb” denotes the triaxial band which is foynd to be the primary source of disagreement between the model
yrast at high spins. Its exciation energy was normalized to the eX¢purely rotational and the data irf?zr.

perimental data. The figure clearly illustrates the difficulties in re-
producing the data foZ>38 andN>38 nuclei.

sistencies arise only whe™>38 and N>38. For example,
layed” proton crossing in the positive-parity band 8zr i, the T,=3/2 nuclei J’Rb,, and 13Sr,, the experimental

(see Fig. 16 adds evidence for a well-deformed prolate ya¢5 are reasonably well reproduced by the calculatisee

ground state. The crossing frequencies of the aligning Pr0%1s0 the discussion foﬁSr‘w).

tons of the prolate-deformed bands of the somewhat lighter Our model suggests that above the-Z=38 deformed

isotopes(see, e.g., Fig. J5amount to w~0.6 MeV. Gen- SR
erally, it seems that nuclei beyond the shell gaps a§he|l closure, the vibrational degrees of freedom are becom-

N,Z=38,40 are again susceptiple to shape coexistence; i.dnd more and more Important. Figure 18 shows the total
the N=42 shell gap at oblate deformation might play a Sig_Routhlan surfaces |n_402r42 calcul_ated for quasiparticle
nificant role(see Fig. 8. vacuum at low and high frequencies. Apparently, the low-
Shape coexistence might also occur in the negative-parit§Pin TRS surface is extremely soft in bo#i and y direc-
bands of®%Zr. A 2qp proton excitation generating the nega- tions. For such cases the mean-field model breaks down. The
tive parity is unlikely due to the gap in the single-particle situation changes drastically at higher frequencies: The
energies(see Fig. 8 At prolate deformation, a possibly aligning g, quasiparticles drive the nucleus towards a less
proton-excited bandhead configuration isr[422]5/2  elongated and triaxial shape. This minimum is well devel-
® 7[301]3/2. However, if one of the two negative-parity oped; i.e., stiff against vibrations. In fact, this aligned triaxial
bands of®2Zr were built upon this state it should behave very structure might account for the high-spin portion of the yrast
similarly to the positive-parity yrast band in the “odd- band in8zr ,, as shown in Fig. 17. Similar conclusions were
core” &Y. This is not the case. On the contrary, the crossinggrawn for the high-spin part of the positive-parity yrast cas-
frequenciesiw~0.57 MeV (see Fig. 1§ of the two signa-  cade in the next even-eva=1 nucleus®Mo from calcu-
ture partners in the middle of Fig. (%) andZw=0.49 MeV  |ations within the configuration-dependent shell-correction

of the band on the right-hand sidd) clearly hint atgge approach with a cranked Nilsson potenfia].
proton alignments; i.e., the negative parity is generated by

a 2gp neutron excitation. The possible configurations are
either 1[422]5/29 v[303]5/2;»[301]1/2 at moderate
prolate deformation or  p[321]1/2;v[310]1/2 The previously reported high-spin excitation schemes of
® v[422]5/2 at oblate deformation. The negative-parity bandthe weakly populated,=1 nuclei "*Kr, "8Sr, and®?Zr have
(I) reveals moments of inertia and an alignment pattern verypeen largely extended using the combination of a powerful
similar to those of the positive-parity yrast cascade®idir ~ Ge-detector arrayGammasphejein conjunction with a se-
(see above Therefore, this band most probably representdective device such as Microball. The yrast bands are fol-
the band built upon an oblate bandhead. Likewise, bdnhd lowed up to spind~30 around 20 MeV excitation energy.
might be associated with a near prolate shape, especialkltogether 15 new negative- and positive-parity rotational
since its crossing frequency is about the same as for thsidebands were identified. In general, the new data confirm
(+,0) band in®zr. the previous high-spin level schemes. The nuclear structure
The generally good agreement between theory and experdf the two lighter isotopes is dominated by the large shell
ment obtained for nuclei witlf <38 (see discussion above gaps at large prolate deformation at particle numbers
breaks down for heavieF,=1 nuclei withZ=39 (Y) and N,Z=38,40 while for 82Zr oblate deformed or triaxial
Z=40 (Zr). For both &Y and ®2zr the theory predicts sce- minima seem to compete with the well-deformed prolate
narios with well-deformed ground-state bands being crosseshape.
at relatively low frequencies by aligned bands of triaxial We performed systematic calculations foyz=1 nuclei in
shape. However, the relative excitation energy between thegbe massA=80 region using a purely rotational model. The
prolate and triaxial structures is inconsistent with the data asodel treats shape and pairing degrees of freedom self-
shown in Fig. 17. It should be pointed out that these inconconsistently, the former in the sense of the Strutinsky proce-

IV. CONCLUSIONS
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dure, the latter in terms of the Hartree-Fock-Bogolyubovexperiment found in®?Zr with vibrational degrees of free-

Lipkin-Nogami theory. Our model does not involve any ad-

dom. The total Routhian surfaces calculated for Zhe38,

justable parameters. The two-body residual interaction does,=1 nuclei reveal pronounced softness at low rotational
not involve any neutron-proton interaction. The proton andfrequencies with respect to both axial and nonaxial quadru-

neutron subsystems are coupled only indirectlyibyparam-
eters of the mean-field potential afid common deforma-

pole degrees of freedom. These vibrational effects are be-
yond our model and cannot be addressed quantitatively.

tion. Resonable agreement with the experimental data, con-
cerning excitation energy pattern and alignment, is found in

"4Kr, ®Rb, and’®Sr (and in our study in">Rb and’’Sr, see

[58]). The agreement between theory and experiment can be
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