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Alignments and shape changes in’Se
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High-spin states in"’Se were studied using th&Ge(a,3n) reaction at 40 MeV at the Florida State
University Tandem-LINAC facility. Prompty-y coincidences were observed using the Pitt-FSU detector
array. The positive- and negative-parity yrast bands were extended up to sp%JS)dnd(%L), respectively.

Spin assignments were made based on directional correlation of oriented nuclei ratios whenever possible. A
rich and complicated high-lying high- negative-parity structure was also found. The positive-parity yrast
structure shows a change from large signature splitting at low spin to a more uniform level spacing at higher
spins, as has been seen in the heahier43 isotones. Theoretically, this change is attributed to a shift from
oblate to triaxial shape due to the alignment of a paiggj protons.[S0556-281®7)04702-X]

PACS numbd(s): 23.20.Lv, 25.55-¢e, 27.50+¢€, 29.30.Kv

I. INTRODUCTION not observed as high as the band-crossing region. A prelimi-
nary level schem@l3] provided suggestions of a change in
Nuclei in the region of deformation with neutron and pro- signature splitting around ™, and a thermal neutron-capture
ton numbers between 28 and 50 exhibit a wide range oexperiment[14], as well as anr{,n’y) measuremenf15],
shapes and are quite sensitive to the polarizing effects drovided more information about the low-lying, low-spin
individual nucleons. One of the best examples iskhe43  states. In addition, some lifetime information for states up to
isotones. The valence neutron has been shijrio drive  theZ " level at 4626 keV using the Doppler-shift attenuation
the shape ofSr from oblate to moderately deformed prolate @d recoil distance techniques was presented in conference
to highly deformed 8,~0.4) prolate, depending on the or- Proceeding$16]. ,
bital occupied. Additional quasiparticlegp’s) drive the Another reason to explore the structure’d8e above the
nucleus to triaxial and even superdeforni@dishapes. band-crossing region was to look for evidence of a high-

A structural similarity is expected among the ev@n- lying, highK band. Such interesting structures have been

odd-N isotones since the same orbitals are available to th(e)bserved in a number of odfi-nuclei[17], but in only one

valence neutron. This is especially clear among fhe43 odd-N case,”®Kr [5]. Such a structure has not been reported
. ' in the heavieN=43 isotones, buf’Se is a good candidate
isotones®'Sr[1-4], "°Kr [5—7], and 8Zr [8-11]. There are g

- . . T " because of its proximity td%r.
similar rotational band; n tggsi +nu7cle| bwlltl +on the Although it would be preferable to investigate the high-
ground state and low-lyin§~, 37, 3%, 2%, andi " levels.

_ anaz spin structure of’’Se using a heavy-ion reaction which
The yrast band, based on@g, configuration, is the most \yould bring in more angular momentum, it is difficult to

unique among these. Unlike the other bands, it shows larggopulate this neutron-rich isotope adequately in heavy-ion
signature splitting up to thg * state, after which the signa- reactions. Use of thea(;3n) reaction at 40 MeV provided
ture splitting abruptly disappears add=1 decays become more spin than an earlier(n) experiment at 14 Me\V12],
strong. At even higher spins, the signature splitting graduallysut the major improvement in the present work was the use
returns. Theoretically, th@gy, quasineutron polarizes the of a largery-detector array.
core to an oblate shape, leading to large signature splitting at
low spins. After the first band crossing, twg,, quasiprotons
drive the nucleus to a triaxial shape and reduced signature
splitting. Above this, a gradual quasineutron alignment re- The Florida State University Tandem-LINAC facility was
turns the nucleus to an oblate shape with increased signatuused to provide the 40 MeW beam needed to produce the
splitting. "®Ge(a,3n) fusion-evaporation reaction. A 0.5 mg/ém
Since theN=43 isotones exhibit such a close family re- thick self-supporting target enriched to 94.6% #Ge was
semblance and changing particle numbers do affect singleised in the experiment to investigate high-spin states in
particle orbitals, it is instructive to explore other evén- 'Se.
N =43 isotones. Only limited information was availaple] The Pitt-FSU detector arrgyl8] used in this experiment
concerning the next lightéd =43 isotone,’’Se, prior to the  consisted of eight Compton-suppressed high-purity Ge de-
present work, but it did suggest some similarities with thetectors. Four of the Ge detectors were located at 90° relative
heavier isotones. In particular, strong decays were seen inta the beam axis while the remaining four detectors were
2* band, which exhibited large signature splitting, but wasplaced at 145°. Energy calibrations were first determined for
the 90° detectors using ®%u source. Four strong lines in
"’Se at 249.7, 331.0, 848.8, and 1079.2 keV were then used
*Present address: Los Alamos National Laboratory, Los Alamosto calibrate the 145° detectors and to monitor for gain shifts
New Mexico 87545. during the run.
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FIG. 1. The level scheme df'Se as deduced from the present work.

Approximately 15.%10° y-y coincidences were col- lll. LEVEL SCHEME
lected and then sortdd 9] into a triangular array with 2500

, . . : The level scheme shown in Fig. 1 was deduced from co-
channels on a side with a dispersion of 0.8 keV per ChanneIhcidence spectra generated by gating on the triangular arra
Coincidence spectra were obtained by gating on the triang P 9 y gating 9 Y:

. ) - Yevel and transition energies, spins, relative intensities,
lar array and subtracting a fraction of the total projection forbranching ratios, and DCO ratios are given in Table I.

background correction. From these gates, the coincidence re-
lationships,y-ray intensities, and energies were obtained and
used to deduce the level scheme. A. Yrast positive-parity band

.The .coincidence data were also sorted into a two- The positive-paritye=1 signature band was previously
dimensional square array. This array was constructed bynown up to the 2103 keV levdlL2] and has since been
sorting the 90° detector information onto one axis and thesytended up to the 4626 keV levid3]. The present work
145° detector information onto the other axis. Gates fronyonfirms these results and has extended this band up to the
this array were used to determine multipolarities of the 2+ 5942 keV level. The signature-partnez< — %) band
y-ray transitions to assist in assigning spins by extractingyas known up to the 3246 keV levél3]. This band has
directional correlation of oriented nucldCO) ratios when-  paan confirmed and extended up to tAE") 6655 keV level

ever possible according to in the present work. A sequence Afl =1 transitions has
been added from the 3334 keV level up to tHg*) 5942
I, (at 145° gated byys at 90°) i keV level.

Roco |(at 90° gated byyg at 1459 Evidence was found for high-lying transitions close in
energy to the strong 849 and 1079 keV lines. An 847 keV
The DCO ratios for stretched electric quadrupdi2] tran-  y ray is clearly in coincidence with the 849 keV line, as
sitions are expected to have values close to 1, while-1 shown in Fig. 2. Similarly, a 1079 keV line appears in the
transitions can have values ranging from 0 to 2 depending o079 keV gated spectrum. The placement of these high-lying
the multipole mixing ratiod when anE2 transition is used as transitions is supported by the energy differences and the
the gating transition. If th&e2/M1 mixing ratio is small, intensity patterns. For example, the 1079 keV line is consid-
then the DCO ratio is expectéd] to be near 0.5. Similarly, erably stronger relative to the 1230 key/ray in gates such

for stretchedEl transitions, a DCO ratio of 0.5 is expected. as 1396 keV, which are in coincidence with both 1079 keV
If a pure M1 transition is used as the gate, a value of 2 istransitions, than in gates such as 1292 keV which exclude
expected for stretcheH2 transitions while aAl =1 transi- one 1079 keV transition. For the 847-849 keV doublet, both
tion gives a value near 1 if the mixing ratio is small. the intensity and the centroid are gate dependent. The place-
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TABLE |. Energies, relative intensities, branching rati@g), and DCO ratios for transitions if’Se.

Ejev (keV) E, (keV) I I7 1,2 BR (%) Rpco” Rpcd’

161.9 161.922@)¢ 712t 1/2- 100

175.3 175.305@5)¢ 9/2* 1/2- 100

238.8 238.9) 312" 1/2” 33.0110) 100 0.8410)

249.7 88.02) 5/2° 7/12¢ 43.310) 52(1) 0.8412)
249.72) 5/2° 1/2° 40.010) 48(1) 0.9512)

301.6 139.7) 5/2* 712¢ 6.0(20) 100 1.05%20)
439.1 200.0) 5/2” 312" 18.310) 41(2) 0.636) 0.928)
439.12) 512~ 1/2° 26.410) 59(2) 0.996)

520.4 520.403) 312" 1/2° 8.0(25) 100

580.7 141.6) 712” 5/2° 1.2(6) 2(1) 0.5810)
331.02) 712 5/2° 35.0(10) 66(3) 1.258)
341.82) 712" 312" 3.809) 7(2) 1.0616) 1.5316)
405.43) 712" 9/2* 3.8(13 7(2) 0.649)
418.92) 712" 7/12¢ 9.2(13) 18(2) 1.0714)

796.5 494.@3) 712* 5/2* 6.520) 42(11) 0.9016)
621.24) 712* 9/2* 5.6(20) 36(11)
634.69) 712* 712¢ 3.4(20) 22(11)

807.9 368.602) 712" 5/2” 9.5(10) 54(4) 0.7010) 1.068)
569.13) 712" 3/2° 8.1(10) 46(4) 1.0212 15712

824.0 303.63) 5/2 312" 0.8(4) 15(7)
383.99) 5/2° 5/2~ 2.1(6) 40(10) 0.8320)
575.08) 5/2° 5/2° 1.05) 19(9)
585.13) 5/2° 312" 1.36) 26(10)

970.0 794.3) 11/2F 9/2* 20.013) 794) 1.0414)
808.1(5) 11/2F 712¢ 5.4(13) 21(4) 2.6250)

978.2 397.2) 9/2” 712” 5.7(9) 11(2) 1.2418)
538.99) 9/2” 5/2° 5.2(9) 10(2)
728.52) 9/2 5/2° 33.99) 64(3) 1.1415)
802.92) 9/2 9/2* 4.3(12) 8(2)
816.32) 9/2~ 7/12¢ 3.912 7(2)

1024.1 848.8) 13/2* 9/2* 10C° 100 0.9711)

1126.6 951.8) 11/2° 9/2* 14(3) 58(9) 0.6514)
964.72) 11/2° 712¢ 10(3) 42(9) 0.9924)

1172.2 364.24) 9/2” 712" 3.68) 18(3) 0.7718)  1.1412
733.13) 9/2~ 5/2° 16.512) 82(3) 1.048) 1.5412)

1282.5 474.65) (7/27) 712” 0.5(3) 29(17)
843.25) (712°) 5/2- 1.2(7) 71(17)

1351.2 179.®) 11/2 9/2” 0.6(3) 2(1) 0.8226)
373.03) 11/2 9/2” 2.4(8) 7(2) 1.2220)
543.43) 11/2 712 1.38) 4(2) 1.5233)
770.52) 11/2 712 29.011) 87(3) 1.36(15)

1616.3 443.8) 11/2 9/2” 1.57) 18(8) 0.7718)
808.44) 11/2 712” 6.8(15) 82(8) 09714  1.5712

1620.8 824.87) (11/2%) 712¢ 8.0(20) 100

1721.9 595.®) 13/2° 11/2° 3.009) 15(4)
697.82) 13/2° 13/2 2.39) 12(4) 0.7918)
751.93) 13/2° 11/2°  14.313) 73(5) 1.1714)

1886.3 535.%) 13/2° 11/2 0.8(4) 3(1)
908.12) 13/2 9/2” 25.212) 90(3) 1.0913)
916.45) 13/2 11/2° 2.08) 7(3)

2055.4 1031.3) 15/2* 13/2F 6.516) 52(9) 0.296)
1085.43) 15/2* 11/2° 6.0(16) 48(9) 1.1525)

2091.8 475.2) 13/2 11/2 0.6(4) 4(3)
740.44) 13/2 11/2 1.3(7) 9(4) 0.9216)
919.63) 13/2 9/2” 13.1(8) 87(5) 1.1010)
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TABLE I. (Continued.

Eev (keV)  E, (keV) I |7 | a BR (%) Rocd Rocd
2103.3 1079.2) 17/2* 13/2* 54.420) 100 1.016¢  2.2930)
2240.2 1113.0) 15/2" 11/24 14.610) 82(6) 1.0520)
1215.95) 15/2" 13/2¢ 3.2(12) 18(6) 0.3910)
2263.6 377.%) 15/2° 13/2° 0.8(6) 3(2)
912.43) 15/2° 112 25.0(15) 97(2) 1.3216)
2580.1 959.8) (15/2")  (11/2%) 4.3(20) 100
2610.8 994.8) 15/2° 11/2° 4.1(14) 100 1.0818)
2789.6 1067.1) 17/2" 13/24 3.0(13 100 2.9350)
2818.0 1201.64) 15/2° 11/2° 2.2(11) 85(12) 1.1428)
1466.88) 15/2° 11/2° 0.43) 15(12)
2863.9 977.64) 17/2° 13/2° 19.620) 100 1.2312)
2868.9 777.05) (15/2°) 13/2° 1.06) 67(19)
1253.65  (15/2) 11/2° 0.53) 33(19)
2966.2 102.7) 17/2° 17/2° 0.84) 16(7)
355.54) 17/12° 15/2° 0.7(4) 14(7)
702.62) 17/2° 15/2° 1.1(4) 22(7) 0.59114)
874.85) 17/2° 13/2° 2.47) 48(10)
3014.4 922.55) 17/27 13/2° 1.1(7) 10(6)
1128.15) 17/2° 13/2° 9.912) 90(6) 1.20(16)
3071.7 808.(8) 17/2° 15/2° 1.5(10) 25(13)
979.92) 17/2° 13/2° 3.77) 63(12) 1.2422)
1185.85) 17/2° 13/2° 0.7(4) 12(7)
3147.1 1055.(3) 17127 13/2° 2.4(10) 100 0.9215)
3201.1 332.55) 17/2° (15/2°) 1.48)" 58(20) 0.538)
383.15) 17/12° 15/2° 1.06) 42(20) 0.4912)
32455 1142.2) 19/2* 17/2* 4.2(6) 52(6) 0.366)
1190.12) 19/2* 15/2* 3.98) 48(6)
3264.6 1001.(8) 19/2° 15/2° 10.1(10) 100 0.998)
3333.6 1230.Q) 21/2* 17/2* 30.025) 100 1.079)
3403.6 202.60) 19/2° 17/2 0.63) 8(4)
389.42) 19/2° 17/2° 3.1(7) 40(7) 0.58110)
437.06) 19/2° 17/2 1.1(5) 14(6)
539.63) 19/2° 17/2° 2.2(5) 29(6) 0.60(14)
1140.05) 19/2° 15/2° 0.73) 9(4)
3409.6 1169.68) 19/2" 15/2+ 7.5(15) 100 1.00200  1.8930)
3439.5 238.0) 19/2° 1712 1.510)f 21(12)
293(1) 19/2° 17/2 0.8(4) 12(6)
425.38) 19/2° 17/2 0.8(4) 12(6)
473.05) 19/2° 17/2° 1.1(6) 16(8)
575.02) 19/2° 17/2° 1.5(5) 22(7) 0.3710)
1336.17) 19/2° 17/2+ 1.2(7) 17(9)
34715 399.65) 19/2° 1712 0.53) 12(7)
607.66) 19/2° 17/ 1.4(5) 34(12) 0.4712)
860.73) 19/2° 15/2° 1.1(6) 27(12)
1208.88) 19/2° 15/2° 1.1(6) 27(12)
3641.8 10312) (19/2°) 15/2° 0.32) 100
3764.4 292.7) 21/2° 19/2° 2.1(15) 16(10)
324.92) 21/2 19/2° 2.7(9) 20(6) 0.5318  0.8614)
360.82) 21/2 19/2° 2.89) 21(6) 0.4910)
499.82) 21/2 19/2 0.84) 6(3) 0.4012)
616.95) 21/2 17/2 0.8(4) 6(3)
693.13) 21/2 1712 0.53) 42)
900.56) 21/2° 17/2 3.68(10) 27(7)
3864.5 530.2) 21/2¢ 21/2+ 3.6(11) 80(10) 0.8515  1.7235
619.04) 21/2¢ 19/2+ 0.95) 20(10) 1.0330)
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TABLE I. (Continued.

Ejev (keV) E, (keV) I H 1,2 BR (%) Rpco” Rpco®
3880.0 476.24) 21/2 19/2 0.7(4) 16(10)
1016.14) 21/2 17/2 3.8(19 84(10) 1.0925)
3885.1 1095.61) (21/2%) 17/2° 1.1(6) 46(17)
1781.74) (21/2%) 17/2° 1.355) 54(17)
3988.2 973.8) (21/2) 1712 0.53) 100
4180.0 315.8) 23/2" 21/2° 1.1(6) 13(8) 0.499)
846.89) 23/2¢ 21/2¢ 6.0(30) 72(12) 0.84(5)¢
934.43) 23/2* 19/2° 1.36) 15(8)
4301.1 536.12) 2312 21/12° 2.35) 53(8) 0.64(14)
1037.G2) 2312 19/2 2.05) 47(8) 1.10124)
4320.7 556.%) 2312 21/12° 1.95) 59(11)
1056.13) 2312 19/2 1.35) 41(11) 1.21(24)
4391.6 112R) (23/2°) 19/2 2.5(10) 100
4531.7 1198.B) (23/2%) 21/2* 0.8(4) 73(17)
1286.34) (23/2%) 19/2° 0.32) 27(17)
4625.7 445.87) 25/2* 23/2F 0.6(4) 8(6)
1292.13) 25/2F 21/2* 6.830) 92(6) 0.9314)
4670.5 1260.%5) (23/2%) 19/2° 1.1(5) 100
4846.6 525.68) (25/27) 2312 1.2(5) 60(16)
1082.19) (25/27) 21/ 0.8(4) 40(16)
4862.1 236.0) 25/2° 25/2* 1.2(6) 18(8) 1.51(45)
682.03) 25/2" 23/2° 4.1(8)f 60(9) 0.5510)¢
997.87) 25/2" 21/2° 0.53) 7(4)
1528.54) 25/2" 21/2° 1.06) 15(8)
5001.0 112(2) (25/2°) 21/2 1.6(7) 100
5258.7 633.8) 27/2¢ 25/2° 3.28) 76(12) 0.4998)
1078.87) 2712 23/2° 1.06)" 24(12) 1.016)9 2.2930)¢
5583 11922) (2712°) (23/2°) 0.4(6) 100
5942 6822) (29/2%) 27/2° 1.07)f 32(18) 0.5510)¢
13162) (29/2") 25/2* 2.1(9) 68(18)
6655 13962) (31/2%) 27/2¢ 2.1(10) 100

4ntensities determined from triangular array.
®DCO ratio determined fronE2 gate.

‘DCO ratio determined fromh| =1 gate.

dNot observed. Taken from RefL4].
®Normalization.

fintensity estimate due to strong doublet.
9DCO ratio of the doublet.

ment of the 682 keV doublet is also supported by gateDCO ratio of 0.5510) is believed to represent mainly that of
dependent intensity variations. the former transition.

Spin assignments to the new levels are based on the DCO
ratios determined from gates on batth=1 andAl =2 tran- N _
sitions. The DCO ratio of the 849 keV line in the 1292 keV B. Other positive-parity bands
gate, which excludes the 847 keV line, is close to unity. In o )
other gates, the DCO ratio of the 847-849 keV doublet varied A Second positive-parity structure was known up to the
below unity in a pattern consistent with about 0.5 for the 8472790 keV leve[13], although no spin assignments above the
keV decay and unity for the 849 keV line. The DCO ratios (¥ 7) 1722 keV level were given. The two signature partners
for the 1079 keV doublet were close to unity in all=2  were extended up to thé{(") 4671 keV and the% *) 3885
gates, consistent with a value of 1.0 for both transitionskeV levels. Spin assignments were made up to$he3410
Separate DCO ratios could not be determined for the twdeV level based on several DCO values as shown in Table I.
682 keV transitions. Since thi8 " —Z " decay is consider- Tentative assignments were made for the top two states

ably stronger than the3*)—% " decay, the measured based on systematics.
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FIG. 2. Portion of a background-corrected spectrum in coinci-

) A " . FIG. 3. Portion of a background-corrected sum coincidence
dence with the 849 keV transition in the yrast positive-parity band

'spectrum gated on the 771, 908, and 912 keV transitions in the
Another positive-parity structure was knoWih4] up to  lowest negative-parity band.

theZ ™ 797 keV level. This has been confirmed in the present

work and extended up to thés(") 2580 keV level by the Honuseket al. [13] extended this signature up to the 3880

addition of two new transitions._ Tentative spin assignmentggy/ (27) level. The signature partner band was knd/a]

were made based on systematics. up to the &) 3265 keV level. The present work has con-

firmed these results and extended the +  signature band

up to the 5001 keV £ ™) level and theaw=— 2 band up to

The a=+1 signature of the yrast negative-parity bandthe 5583 keV & ~) level. A sum of coincidence spectra in

C. Lowest negative-parity band

was previously knowii12] up to the &) 1886 keV level.
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FIG. 4. Comparison of the yrast positive-parity bands i8e, "Kr [5—7], 81Sr[1-4], and 83zr [8-11]. The ¥* state is not known in
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signments of thé! ~ through% ~ levels were made based on — T

DCO values close to unity for deexcitingl =2 transitions. 30;_ 83 A\‘\A\A,A‘A E
The Al=1 sequence was extended up to tie 2264 25 Z \‘ . E
keV level. The large DCO ratios for thead =1 decays are 20E A\\A Ag=+lp
consistent with previously measured angular distributions 155_ A& A==l ]
[12,16 and imply largeE2/M1 mixing ratios of 0.5-1.0. E K=5 3
These mixing and branching ratios and the measured life- ;g; —t——t——t——t——
times of 499) and 1.@4) ps[16] for the levels at 581 and : 81g, ——aa 3
978 keV, respectively, show that ti1 strengths are very 5¢ AAA AT TS
weak in this bandB(M 1) ~ 0.01 Weisskopf unitgW.u.)], 20EF A,‘ E
while the E2 strengths are considerably enhan¢@{E2) T sk a7 E
~100 W.u). Two new transitions at 803 and 916 keV which > E & E
decay to the positive-parity yrast structure were also found. & 10 I B 7
In addition, three new transitions were placed which decay to < 30 E 79 E
the 3~ band. T sp K Koapaa -
20F \ £ T
D. Other negative-parity bands 15 £ A/AyAA E
The ground-state band was previously kno\3] up to F ol E
the 2611 keVZ ~ level. The present work confirmed these ;82 F—
results and extended the structure up to a tentative 3642 keV F 77ge ;
27) level. DCO values close to unity faxl =2 transitions % E ’A\m E
were used to make spin assignments for $he through 20F A 3
1~ states. TheAl=1 branching and DCO ratios indicate IsE & 3
that theM 1 strengths are more normal in this band, that is, g a—x 3
an order of magnitude or more higher than in e band. 1%_6 : 012 : 014 : 016 : 018 : 1"0

Some candidates for a high-lying higdhnegative-parity
structure were identifiefl13] previously at excitation ener- ho (MeV)
gies of 3014 and 3404 keV. No spin assignments were given.
This work has confirmed these states and added 11 new ones F|G. 5. Kinematic moments of inerti#®) versus rotational fre-
with numerous deexciting transitions to both negative-parityquency #w for the positive-parity yrast bands if*zr [8-11],
structures and to the positive-parity yrast band. Many offlsy [1-4], "Kr [5-7], and "’Se. Thea=—3 curve for 8Sr is
these lines can be seen in Fig. 3. broken because th# * state has not been experimentally located.
A low-lying structure consisting of the 520 and 824 keV

levels was reported in Rgf14]. These levels were confirmed .

77 79 _ 81 _ 83 _ i i
in the present work and one additiongl () level at 1283 'IE SSe,I Kr [5 7]i Sl 4],”anq .|Zr_£8 11 |ishown InTh
keV has been added. ig. 5. In general, an overall similarity can be seen. The

favored a= + 3 signature shows a sharp upbend at a rota-
tional frequency of about w=0.55 MeV. This upbend has
been interpreted as the alignment of a paigegf quasipro-

A. Positive-parity bands tons at the3* level, leading to the 3qgp configuration

One of the most striking features of the level scheme of*9s/2® mJ5,,. This band crossing appears to become sharper
7Se is the abrupt change of signature splitting in the yraswith increasing mass. The=— 3 signature shows a sharp
positive-parity band at th§ * levels. As shown in Fig. 4, a backbend at about the same rotational frequency.
similar change has been seen in the heaMier43 isotones The experimental Routhian curves are plotted versus ro-
Kr [5-7], 8!Sr[1-4], and 8Zr [8—11]. This behavior ap- tational frequency for the isotones in Fig. 6. To allow com-
pears to be a characteristic of tNe=43 isotones. As will be parisons with otheN=43 nuclei, the same reference rotor
discussed below, it seems to result from a shape changearameters were used in this analysis as were used in other
caused by @g,, quasiproton alignment. It is interesting that analyses[1,5,6], Jo=114%MeV and J,;=04%MeV*. A
the 1gp band can be observed somewhat past the point qtalitatively similar signature splitting pattern can be seen.
which it ceases to be yrast. Large signature splitting is prevalent before the first crossing,

A cranked-shell-model analysis is quite useful in studyingbut after thegg,, quasiproton alignment, the signature split-
the rotational properties of these bands. As was done faling vanishes. For the nuclei which are known to higher
%Kr [6], the lowerZ " state was used since it is connectedspins, a return of large signature splitting is also seen at
to the other members of the band by electric quadrupoldigher frequencies.
transitions, whereas the upp&r’ state is not. This allows The deformed Woods-Saxon cranking modi20] was
the entire positive-parity sequence to be treated as a continused to calculate shape and deformatiofi’®e. A monopole
ous structure. An effectiv&K value of 3 was employed to pairing force was used in the cranking calculations. The
facilitate comparisons with the oth&r=43 isotones. Routhians were calculated for a range of shape parameters

A comparison of the kinematic moments of inerfig!) B, and y and minimized with respect to the hexadecapole
versus rotational frequency for the yrast positive-parity bandleformationg,. Figure 7 shows three total Routhian surface

IV. DISCUSSION
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81gr [1-4], ™Kr [5-7, and "'Se. Harris parameters
Jo=11%%/MeV andJ,=0%3/MeV* were used for the reference ro- > . E
tor. The Routhians fof!Sr, %Kr, and 7’Se have been shifted down )
by —2, —4, and—6 MeV, respectively.

(TRS) plots for the favored signature of the positive-parity
yrast band in’’Se.

For a rotational frequency a6=0.30 MeV#, which lies
below the first band crossing, a near-oblate shape
(y~—50°) is predicted with a deformation of abogp~
0.22. This shape gives rise to the large signature splitting
seen experimentally, as it also does in the heaMer43
isotones.

After the first crossing, at a rotational frequency o 0.3 Ay
0.60 MeVh, the deformation has increased somewhat to 0.5 0.6 0.
,6’2~0.280. The shape has also shifted to a triaxial shape with B,cos(y+30°)
y=~—30°, leading to reduced signature splitting. At an even
higher rotational frequencyp=0.80 MeV#, the shape is
predicted to remain triaxial with a somewhat lower deforma- FIG. 7. Total Routhian surfaces in thg4,y) polar coordinate
tion of 8,~0.22, unlike the case i°Kr where a returnto an  plane for thea= + 3 signature positive-parity states ff{Se. The
oblate shape is predicted to lead to increased signature splgeparation between contour lines is 200 keV. In these graphs col-
ting. This theoretical prediction fof’Se differs substantially lective rotation for prolate and oblate shapes occurg=a0° and
from that for the heavieN=43 isotones. An experimental —60°, respectively.
test would be very interesting, but it is difficult to produce
"’Se with sufficient angular momentum, due to its inaccessikeV in 81Sr[4] may represent the beginning of a band analo-
bility to heavy-ion reactions. gous to the ™ band in"’Se. A configuration o¥[422]3 has

Two additional positive-parity bands with bandhead spinsbeen assigned to this bandhdadiin 8'Sr.
of 3" and% " at 302 and 1127 keV, respectively, were seen A particle-plus-triaxial-rotor model calculation was per-
in "’Se. Analogs of both of these bands were seed®r  formed to see how well the three 1qp positive-parity bands
[5], and the § ) and (™) levels reported at 203 and 612 could be reproduced with a single shape. The caxtesen,
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FIG. 8. A comparison of levels predicted by rotation-particle 10 o 4 L
coupling calculations with observed positive-parity levels. The : ' ' I
shape and moment of inertia parameters were=—0.20, a5t 77ge 3
y=11.3°,¢,=0.027, ancE,+ =320 keV. g N 3

20 g4 =
r Vo ]
. o A ]
ASYRMO, andPROBAMO [21,22] were used with standard pa- 15t A/ﬁ’ E
rameterd 23] for the modified harmonic oscillator potential. 10 A~
The shape parameters used,€—0.20, y=11.3°, and 00 02 04 0.6 08
€,=0.027) correspond to the Woods-Saxon shape param- ho (MeV)

eters at the minimum in the TRS calculations fiao=0.30

MeV. Since the predicted shape is nearly oblate, the calcu- rig 9 kinematic moments of inerti#f?) versus rotational fre-
lation was based on a small degree of triaxiality away fromgency 7 for the lowest negative-parity yrast bands fizr
an oblate shape, rather than a large deviation from a prolafg_11], 8sr[1-4], 7%r [5-7], and ""Se.

shape. A constant moment of inertia corresponding to a 2

energy of 320 keV was used for the rotating core. Although At this shape the next predicted band is based G a

S -
:E'S ZIE smaller_thf;]n tlheh:)bserved valsue_of t559 k_er‘?Be, N state. For comparison, the experimentally observed decay se-

€2 energy in the ight even-even Se ISOLOPES IS known Oquence ending on the 302 keV level is shown, although it
be significantly larger than what would be implied by the

: X : : is by no means clear that the experimental and theoretical
Fpacgg of the higher-spin states due to shape COEXISteNGG ictures correspond. A correspondence would be more
24,25

. . . likely if the 797 keV state h ifirather tharg, si th
Calculations were made previou$B1] for '’Se using the ikely i the 797 keV state had spiirather tharg, since the

. X . redicted large signature splitting would strongly favor
same rotation-particle-couplindRPC codes. These calcula- P 9 g piring gy

i ‘ d bef i tical sh dicti opulation of thea=+ 3 band. However, the spin assign-
lons, performed Dbelore theoretical shape pre |co|ons WelHhent of for the 302 keV state appears rather strong because
available, used the shape parameters 0.29, y=30°, and

Lo , 3 it is based on both the DCO ratio observed here for the decay
€,=0 and a moment of inertia corresponding to"aénhergy

. I . line and on the population of this state in the neutron capture
in the core of 600 keV for both the positive- and negative- bop P

: . . experimen{ 14] which strongly favored low-spin states.
parity bands. A comparison between these calculations ::1ncf<-|-he third band predicted theoretically is built onZd

the present ones indicates the degree of parameter de'pe&indhead. This is compared with the third experimentally

dence. observed band in Fig. 8, but the agreement is not very good.

Thg energy levels predicteq by the rotation-par'ticle'--l-he predicted band lies too high, shows too much signature
coupling model are compared with the observed ones in F'gsplitting, and starts with &* state for which no experimen-

8. The theoretical states connected by laB§&2) strengths tal counterpart is known. This may indicate that $hé band

were grouped into bands. TH€ bandhead is correctly pre- letelv diff h
dicted below the * bandhead. The energies of the states inIS based on a completely different shape.

the 2% band are reproduced reasonably well, although the
degree of signature splitting is somewhat underpredicted.
The earlier RPC calculatiorf21] also give a reasonable re-  Three negative-parity bandheads lie at relatively low ex-
production of the band, but overpredict the degree of signagitation energies. Thé~ bandhead forms the ground state of
ture splitting. Thus the agreement in signature splitting could’’Se, while theZ ~ band is yrast and most strongly populated
probably be improved by varying the triaxiality parameteramong the negative-parity states, and jhestate lies high-

v, but no attempt was made to vary the RPC parameters to figst and is the most weakly populated. Exactly the same situ-
the data. ation occurs in theN=43 isotones’*Kr [5], 8'Sr[4], and

B. Negative-parity bands
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frequency’iw for the lowest negative-parity states fr [8-11, FIG. 11. Kinematic moments of inertid®) versus rotational

81 79 77 i
S_r [12_4]' Kr _[S_Z]' arld Se. I:arrlhs pfarameters frequency%w for the negative-parity ground state bands®r
Jo=11%°/MeV andJ,=0%>/MeV* were used for the reference ro- [8—11], 8iSr[1-4], "°Kr [5—7], and 'Se.

tor. The Routhians fof!Sr, %Kr, and "’Se have been shifted down
by —1, —2, and—3 MeV, respectively. were used for the nuclei. A strong family resemblance can be

n.
87r [9,11]. These three bandheads have been interpféied Sein upbend inJ® aroundi w~0.5 MeV in all the nuclei
to represent the configurations[301]3, »[303]3, and  ghown in Fig. 9 indicates a quasiparticle alignmentgd
v[301]2, respectively, all of which are predicted to lie rela- quasiproton alignment was suggested f&r [5] based on
tively low in energy at a moderately deformed prolate shapehe similar crossing frequency observed in the yrast band.
(B2=0.3. There is some evidence for the beginning of a second cross-
As mentioned earlier, thé11 strengths are abnormally ing at%w~0.6 MeV in thea=— 3 signatures of ‘Se and
low in the 3~ band, but relatively normal in thg™ ground- 837y, Since there is no Pauli blocking of the first neutron or
state band. This is also true fKr, where the difference has proton alignments in these negative-parity bands, the neutron
been attributed7] to the single-particle configurations. The and proton alignments can be close in frequency.
neutron gyromagnetic ratios were calculated toghe 1= The Routhians in Fig. 10 show that the signature splitting
2.44 and gx_5,=0.49 for pure Nilssonv[301]; and is much smaller than in the yrast positive-parity band and has
v[303]3 states, respectively. Since the gyromagnetic ratio fothe opposite sign; i.e., the= — 3 signature is energetically
collective rotation,gr~Z/A=0.46, andM1 strengths are favored. The splitting starts at nearly 0, increases to about
proportional to the differencgx—gg, a near cancellation 50-100 keV, and then decreases again at the first alignment,
occurs in the3 ~ band, but not for thej ~ structure. This  except for&Zzr.
result is also confirmed by the RPC calculations discussed The kinematic moments of inertia in the somewhat less
below. explored3 ~ bands are compared in Fig. 11. Evidence can be
It is instructive to compare the rotational properties ofseen in all four isotones for an alignment, or the beginnings
these negative-parity bands {fSe with the analogous struc- of one, around or below a rotational frequency of 0.5 MeV/
tures in the heavieN =43 isotones. The kinematic moments #. In most cases, the rise appears to be sharper in the
of inertiaJ™) and quasiparticle Routhian curves determineda= — 3 signature.
from a cranked-shell-model analysis for t§¢ bands are An interesting pattern can be seen in the Routhians for
shown in Figs. 9 and 10, respectively. An effectikevalue  this band, shown in Fig. 12. If*Zr, the «= — } signature is
of 3 and a common set of Harris parameters ofenergetically favored, as in the™ band, and the separation
Jo=1142/MeV and J;=0%3/MeV* for the reference rotor is also in the range of 50100 keV. With decreasihghe
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frequencyZ o for the ground state negative-parity bands®ir Bocos(y+30°)
[8-11], ®Sr [1-4], ®Kr [5-7], and ""Se. Harris parameters
Jo=114%/MeV _andleth?’;g/leV“ were used for the reference ro- |G, 13. Total Routhian surfaces in thg4, y) polar coordinate
tor. The Routhians foP'Sr, "*r, and "’Se have been shifted down plane for the(a) lowest negative-parity configuration afid) other
by —1, -2, and—3 MeV, respectively. negative-parity states iffSe. The distance between contour lines in

250 keV.

energy Oflth_e“: -3 signature increases relative to that of gy anaihs and are compared with the observed bands in Fig.
the o= + 3 signature. This leads to lower signature splitting 4
in ®Sr, almost none irf°Kr, and reversed splitting, with the ~ The negative-parity structures are reproduced reasonably
a=+ 3 signature favored, ir’Se. well. The 1~ bandhead is predicted somewhat above the
A TRS graph typical for the 1gp negative-parity structures$ - pandhead, but the opposite is true experimentally. How-
is shown in Fig. 18). The graph shows considerabtesoft-  ever, this is only a question of a few hundred keV and may
ness with minima at three quite differeptvalues. The mini-  be sensitive to the triaxiality parameter In fact the earlier
mum at (B»,v)=(0.26,22°) is close to the shape identified RPC calculationd21] with different shape parameters do
for the3 ~ band in"%Kr [5]. This positivey value reproduces predict the correct ordering of the bandheads. The degree of
the experimental observation that the=—3 signature is signature splitting is predicted well for tHe band, but not
energetically favored in thé = band. The 8,,y)=(0.27, for the 3~ or 3~ bands. In comparison, the earlier calcula-
—30°) minimum may be identified with th&~ band. This tions predict the degree of signature splitting better in the
shape would imply an energetically favored= + 3 signa- 1~ band than in thé ~ band.
ture in agreement with experiment. The variation of signa- The E2/M1 mixing ratiosé from the RPC calculations
ture splitting in the; ~ band could be accounted for by a for theAl =1 transitions in thg ~ and3 ~ bands are listed in
decrease in they deformation parameter from positive to Table Il. These values o are based on the theoretically
negative values with decreasi#g(see Fig. 13 of Refl5]). predictedB(E2) andB(M1) strengths and on the experi-
An RPC calculation was also performed for a shape cormentally observedy-ray energies. Most of those in the
responding to that predicted by the TRS, i.e;=0.26, band are relatively low (0 §<0.3) and would imply DCO
y=23.2°, and =0.023. The moment of inertia ratios around}, in general agreement with experiment. On
(E»+=320 ke\) was the same as that used for the positive-the other hand, large, mostly negative, mixing ratios are pre-
parity calculations. No parameters were varied to improvedicted for theAl =1 transitions in the~ band. These are
agreement with experiment. The calculated states werqualitatively consistent with the large DCO ratios observed
grouped into bands based on the predicted decay in this band. The predicteBl(E2) strengths are similar in the
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FIG. 14. A comparison of levels predicted by rotation-particle _ .
coupling calculations with observed negative-parity levels. The, SomeAl=1 decay sequences from this complex have

shape and moment of inertia parameters were 0.26, y=23.2°, been seleCt%d for gomparlhson W_Ith t_he pOSSIP?Iy analogous
€,=0.023, ancE,+ =320 keV. structure in “Kr and are shown in Fig. 15. The sequence

shown in the middle resembles that i?Kr the best, but the
two bands. The differences in the DCO ratios arise mainlyleft sequence shows that there are other candidates. Note also
from the predicted differences in thB(M1) strengths, that the same% ~ level is shared in the twd’Se decay
which are much weaker in thg~ band due to the near can- sequences and the sequences above or below this level could
cellation between the single-particle and rotational magnetibe exchanged.
moments. The cancellation is extremely close for the 331 Three-quasiparticle configurations of the generic form
keV transition, leading to the large positive predicted mixing«#[ fp]® 7gg;»® vgg, (for an oddN nucleus have been pro-
ratio. Slight changes in the calculation might reduce the canposed for such sequences in other nuclei. The predicted
cellation and give a value of more like that of the higher shape for such a configuration, shown in Fig.(d3 is
transitions. (B2,7)=(0.27,44°), which is close to the noncollective
y=60° axis. The¥ ~ structure in"°Kr has been associated

C. High-lying high-K structure [5] with a noncollective oblate shape with the configuration
(9o o2+ ® (P312® F512) 312~ J6- ©@ ¥(Joi) 52+ @s the band-
pead. This differs from the 3gp configurations formed after a
air alignment in the lower negative- or positive-parity
ands, which arev[fp]® mggp® mdg;p, and vQgg® m9gp
® mdg, respectively. Perhaps the multitude of states ob-
served in"’Se arises from the different combinations of Nils-
son orbitals available. Deformed shell-model calculations in
the Br isotope$26] have shown that one specific configura-
tion usually lies lower in energy, but perhaps a near degen-

TABLE Il. B(E2)/B(M1) mixing ratiosé from particle-rotor ~ eracy occurs in"’Se.

model calculations.

A complex of high-lying negative-parity states starting at
2818 keV can be seen in Fig 1. Most are likely to represen
3gp configurations since the first crossings occur in the other
bands at about this excitation energyl.=1 transitions are
much more common thattl =2 decays among these states.
Similar states have been seen in the isotbi@ [5] and in a
number of oddZ nuclei[17], but never in such large num-
bers.

V. SUMMARY

Band E, (keV) IT—1f o ) ] ] ]
— Po—— High-spin states in"’Se were populated using thHéGe

3 239 2 3 0.26 (,3n) reaction and theiry decays were observed with the
200 5 -3 0.23 Pitt-FSU detector array. The positive-parity yrast structure
369 -5 0.10 was extended up to the 6655 ke¥ () level and the lowest
364 3% 0.27 negative-parity band was extended up to the 5583 keV
444 42" 0.55 (2 7) level. Spin assignments were made using the measured

- 331 -3 72 DCO ratios.
397 -1 -6.9 This work clarifies how the structure df'Se compares
373 -9~ -3.6 with that of the heavieN=43 isotones’Kr, 8lSr, and
535 8- U= -2.6 837r. A strong similarity was seen in the positive-parity yrast
377 Lo L -15 band. The large signature splitting present at low spins al-

most vanishes above the first band crossing at a rotational
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frequency ofiw=~ 0.5 MeV. Theoretically, the character of unique among théN=43 isotones and nearbftp-g shell
the band changes because of a change in shape driven by theclei, although single decay sequences of maihly= 1
pair of alignedgg,, quasiprotons. Two other positive-parity transitions have been reported i#r and a number of odd-
structures in’’Se built on3 ™ and % * bandheads also have Z nuclei. The states may be based on 3gp configurations of
close analogs in the heavier isotones. the general formm[ fp]® mgge,n® Qg iNVolving noncollec-
The 3~ ground-state band and the more strongly popudive rotation of an oblate shape.
lated 2~ band in ”/Se show many similarities with the cor-
responding bands in the heavier isotones. The very weak
M1 transitions in the ~ band appear to result from a near
cancellation between the magnetic moments due to collective We are grateful to J.X. Saladin whose loan of the Univer-
rotation and to th¢303]3 neutron. The opposite sign of the sity of Pittsburgh detectors and electronics made the com-
signature splitting between the and3~ bands is probably bined Pitt-FSU detector array possible. We are also grateful
due to differences in the triaxiality shape paramegefor to E.G. Myers who developed the source and to P.B.
these well-deformedf&,~0.29 bands. Semmes and |. Ragnarsson who provided the particle-rotor
A complex of negative-parity states witk= % and E, = codes. This work was supported in part by the National Sci-
2.8 MeV was observed irf’Se. Such a complex feature is ence Foundation.
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