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Excited levels in®°Se have been studied using tHEa®2S, 2on)%9Se reaction at 95- and 105-MeV beam
energy.y rays have been detected with the EUROBALL spectrometer operated in conjunction with the neutron
wall and the charged-particle detector array EUCLIDES. New level sequences with positive and negative
parities have been identified fromyy and n-yyy coincidences. Spins have been assigned to many of the
levels on the basis of angular distribution and directional correlation measurements. Excitation energies of the
positive-parity yrast band and the branching ratios of its decay are compared with the predictions of the rigid
triaxial rotor plus particle model.
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[. INTRODUCTION sistent with a prolate structuf@0-13. The observation of a
Neutron deficient nuclei wittA~70 andN~Z show a Systematic decrease of tB€E2) values along the yrast band
very complex structure. Large prolate and oblate deformall 0se was interpreted as due to the destructive interference
tions and prolate-oblate shape coexistence at low spin occ@f two collective structures at low spin, possibly associated
in this mass regiofil-5. As both protons and neutrons are With a change from oblate to prolate deformatigh3].
simultaneously filling the same levels, the residual interacStrong polarization effects are expected to occur by coupling
tion between neutrons and protons is significant and polarizzhe odd neutron.
ing effects may be strong. In the oddnuclei, positive- The aim of the present investigations is to extend the
parity bands are generated by thg, intruder orbital and available information on excited states®#$e through heavy
have different structures, depending on the nucleon numbéon induced reactions. Within the limits of the statistics of-
and deformation. The fact that tlyg,, intruder orbital has a fered by the present experiments, based on angular distribu-
relatively high spin introduces important additional effects intion and correlation techniques, we assigned the spins to
the structure of nuclei in this region such as aligned configumost of the excited levels and extracted the mixing ratios for
rations involving two or more quasiparticles and octupolesome intense transitions. Special attention has been paid to
deformations. All these aspects make #he 70 mass region the investigation of theg, band. The study of the positive-
a favorite testing ground for different theoretical approachegarity nonyrast states constituted another reason for perform-
[6-8]. ing the present work because it can offer us important infor-
The shape-coexistence phenomenon in this mass regionation concerning shape coexistence at low spin.
was first observed if?Se [9]. The results of the investiga- A detailed analysis of the observed properties of the low-
tions on the even-mass Br, Se, and Kr isotopes and, mollging positive-parity states has been performed within the
recently, on the®®Se nucleug 10,11 have shown that the rigid triaxial rotor plus particlgRTRP) model of Larssoret
coexistence of two nuclear shapes is a general feature of thad. [14].
A~70 mass region. The study of their odd neighbors com-
pletes the information on their structural properties and can Il. PREVIOUS WORKS
be helpful in understanding the effects produced by the cou-
pling of an odd particle to an even-even core with a complex The first spectroscopic information abdie was given
structure and may give more insight into the interplay beby the study of itsg" decay (Ty,=27.4 9 to the known
tween oblate and prolate shapes. low-lying levels of %°As [15]. Within that work, a negative-
Recently reported experimental results concerning théarity ground state had been established. The low-lying ex-
structure of the even-eveifSe nucleus confirmed the fact cited states were reported later by two different groups
that the oblatege, band in®Se is generated by coupling the whose in-beam results were partially consistgitlg. In
odd neutron td®Se which is also oblate in the ground state. Ref. [16], information about thegg, isomeric state(Ty,
The oblate ground-state band f§Se was found to mix =853+78 n$ was compared to the properties of the 9/2
strongly with the excited band whose characteristics are corstates in théN=35 isotones and systematic trends concerning
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the level structures at low energy and the electromagneti®5-MeV beam energy and about 1% of the total cross section
properties of they transitions between these levels were dis-at 105-MeV beam energy. The reaction at 105 MeV popu-
cussed. A detailed study of Wiosre al. [3] established a lated the nucleus at high spin and allowed the bands to be
Oy band showing a strong-coupling-like pattern. With theextended further. The reaction at 95 MeV using the
Fermi level lying at the beginning of thgy, orbital, the  1mg/cnt backed*°Ca target was useful in the investigation
observed pattern can only occur if the odd-neutron occupiesf the nonyrast states of lower spins.
the K™=9/2" [404] Nilsson orbit at an oblate deformation. Data were stored on tapes and sorted off-line i&tp
The associated oblate shape was established by the largé&, matrices andE,-E,—-E, cubes, with particle gates of
positive mixing ratio of the lowest member of the yrast band,one or two protons and one neutron in order to enhance the
the 676-keV transition. The work of Arriscet al. [17] tried  %°Se reaction channel. For energy and efficiency calibrations,
to solve the discrepancy between the two previous studie®?Eu and®®Co sources were used. A comparison of the peak
with respect to the lifetime of the isomeric 9/2evel. It  positions at different detector angles yielded an average ve-
provided a conclusive identification Se and confirmed locity of the recoiling nucleb/c=2.67%. With this value, a
the experimental evidence found by Wiostaal. concerning  Doppler correction of the-ray energies was carried out on
the major change in the yrast structure compared to othean event-by-event basis for the data from the self-supporting
odd-neutron isotopes in thie~ 70 mass region. The single- target experiment. Tha@-yyy cubes consist of about 10
particle level structure of negative parity below the 9ig-  events with a multiplicity greater than 2 in both experiments.
mer was investigated by Pobkt al. [18]. The half-lifeT;, = The cubes and the matrices were analyzed using the
=2.0£0.2us of the first excited negative-parity state hasGASPWARE[27] and RADWARE [28] software packages.
been measured, which, together with the internal conversion An analysis of the directional correlations from oriented
coefficient of they ray deexciting this level, strongly favored stategDCO) was performed to assign the multipole order to
a spin and parity assignment of I/for the °Se ground the newly observed states. Since the DCO ratios are very
state. sensitive to the observation angles of the coincidgnays,

High-spin results were recently reported by Jenlghsl.  specific groups of detectors have to be chosen for the analy-
[19]. They extended the previously knowt"=9/2" oblate  sis. The segmented structure of the EUROBALL detectors
band and found that this band is rapidly crossed by a prolatkeads to the formation of 13 rings positioned at angles of 72°,
configuration that continues to high spin. 81°, 99°, 107°, 123°, 129°, 133°, 137°, 141°, 146°, 149°,
156°, and 163°. For the present DCO analysis, the coinci-
dence data were added up for the four most backward-angle
rings(164°, 156°, 149°, and 14§°resulting in a quasiring at

In the present work, the statesiPSe were populated via @& Weighted angle of 155° to the beam axis and the four rings
the “°Ca(32S, 2on) reaction at 95- and 105-MeV beam energy hear 90°(72°, 81°, 99°, and 1037 A 155° versus 90%-y
delivered by the VIVITRON accelerator of the IReS Stras-Matrix was created in coincidence with one neutron for each
bourg. In the experiment at 105 MeV, the target consisted ofXperiment. From these matrices, we extracted the DCO ra-
a 8609/ cn?. self-supporting foil of enriched 99.965%8Ca  tios defined a$29]
and a foil of 1 mg/crA of enriched 99.9%°Ca evaporated 2 N
onto a 15 mg/crhgold backing has been used in the second exp — M (1)
experiment, performed at 95-MeV beam energyays were beo Igg,(Gatei/éso) '
detected with the EUROBALL arraj20,2] consisting of 15
Cluster[22] and 26 Clovel[23] composite Gedetectors sur- Wherel{§5o(Gate;§éo) denotes the efficiency-corrected coin-
rounded by a BGO shield providing escape suppressiortidence intensity of they, transition observed ai55°
Charged particles were detected using the device EU-  when gating on they; transition observed at 90°. In this
CLIDES[24], composed of 4AE-E silicon telescopes with geometry, if one gates on a stretched quadrupole transi-
the five forward elements electrically segmented into fourtion, the theoretical DCO ratios arel for stretched quad-
parts. The evaporated neutrons were detected with the Newdpole transitions and-0.5 for pure dipole transitions. If,
tron Wall [25], consisting of 50 liquid scintillators covering in contrast, gates are set on a pure dipole transition, the
the forward Ir section of EUROBALL. The trigger condi- extracted DCO ratios are-2 for pure quadrupole transi-
tions in the two experiments were defined by a minimum oftions and~1 for pure dipole transitions.
two Compton-suppressed Ge detectors fired in coincidence Particle-gated angular distributions were analyzed in or-
with one neutron in the Neutron Wall. The data from theder to extract the multipole mixing ratios of therays in
experiment performed at 105-MeV beam energy were als6°Se. The data from the experiment at 105 MeV acquired in
acquired if a minimum of three Compton-suppressed Ge decoincidence with one neutron were sorted into spectra for
tectors fired in coincidence with one signal in the Neutroneach of the rings of EUROBALL. To increase the statistics,
Wall. the resulting spectra of the neighboring rings were added up

Due to the different thickness of the targets and beanand the angular distributions were fitted for five points cor-
energies,®*Se has been populated in the two experimentsesponding to the weighted angles of 156®m the rings at
with different cross sections and at different spins and exci149°, 156°, and 1637 139° (rings at 137°, 141°, and 14%{°
tation energiescCASCADE [26] calculations predict tha#3%  128° (rings at 123°, 129°, and 138°99° (rings at 81° and
of the total cross section belongs to then2%°Se channel at  99°), and 72°(rings at 72° and 107° Angular distributions

IIl. EXPERIMENTAL DETAILS AND DATA ANALYSIS
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FIG. 1. Level scheme 0f°Se obtained from the present work. The widths of the arrows are proportional tartheintensities. The
ground state has the spin and parity 1/2

for some intense stretched transitions with known angulabe included in rotational-like bands yet. Spin and parities
distribution coefficients were analyzed initially in order to were deduced, whenever possible, from the analysis of the
extract the ratioo/l;, with o representing the width of the DCO ratios and the angular distribution and from a compari-
Gaussian distribution of magnetic substates hrigking the  son with the systematics.
spin of the initial state. In the analysis, the computer code The spectroscopic information of therays belonging to
CHIPLO-2 has been used30]. A mean value foro/l, 693e is listed in Table I. The first column gives the energies
=0.35+0.03 was found to minimize the® function and to  of the y transitions obtained from the analysis using the
reproduce the angular distribution coefficients given in then-yy matrices. The next three columns give their relative
literature [31,32. This value has been used as a referenceéntensities, the DCO ratios, and the energy of the gating tran-
value for the final analysis of the angular distribution mea-sition, respectively, extracted from the experiment with the
surements. self-supporting target at 105-MeV beam energy. For com-
parison, the fifth column of the table gives the intensities of
IV. EXPERIMENTAL RESULTS the y rays extracted from the experiment using the gold-
backed target and 95-MeV beam energy. In both cases, the
The current investigations confirm the previously ob-intensities are normalized to the intensity of the 733.3-keV
served yrast transitions and extend the level scheme furtheransition which is set to be 100. The DCO ratios extracted
Combining the experimental information obtained from bothfrom the experiment at 95-MeV confirm and successfully
experiments, new levels were found in both positive- andcomplete the information on the multipole order of theays
negative-parity parts of the level scheme. The new levels arextracted from the experiment at 105-MeV. Finally, the ninth
arranged in band structures feeding into the yrast bands aind the tenth columns of Table | give the assigned multipo-
the respective parity. larities and the corresponding spin sequence, based on the
The level scheme shown in Fig. 1 results from the analy-measured DCO ratios and angular distributions.
sis of the data obtained in the present work. The transitions
have been placed in the level scheme according to the coin-
cidence relationships and relative intensities. The level
scheme is organized into seven different bands labeled from Spin and parity of 1/2have been assigned to the ground
1 to 7 plus additional single states or structures which cannatate by Pohkt al. [18]. The 9/2 isomeric state at 574.6-

A. Positive-parity states
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TABLE I. Energies, relative intensities, and DCO ratios yfay transitions assigned %§Se. The intensities are normalized to the
773.3-keV transition, set to be 100.

105 MeV 95 MeV
EIe:;el Ey
(keV) (keV) I Roco Gate I, Roco Gate ol =17
0.0 L
39.4 39.4 E2 L
129.1 129.12) 23.912) 33.213) 0.337) 468.0 M1/E2 &1
0.323) 807.0
90.31) 7.1(6) 11.68) M1/E2 8
290.1 161.84) 5.34) 24.938) 0.51(27) 807.0 M1 &
250.12) 5.6(18) 29.322) 1.5320) 844.0 M1/E2 .8
574.6 534.8 E2 &5
713.1 422.61) 0.811) 3.06) 1.0677) 129.1 M1/E2 L
673.13) 3.34) 11.35) M1/E2 L
914.6 786.45) 17.712) 54.487) 0.9318) 807.0 E2 L
876.24) 35.278) 94.941) 0.8414) 807.0 M1/E2 L
1101.8 1061.3) 1.1(4) 4.68) 1.5341) 468.0 E2 .5
11235 993.@) 19.612) 50.088) 0.9718) 468.0 E2 .y
1084.13) 18.1(30) 44.1(41) 0.6411) 468.0 M1/E2 L
833.23) 0.73) 1.83) E2 L
1134.7 844.04) 3.310) 11.217) 0.9231) 129.1 M1/E2 &8
1004.82) 1.1(3) 2.45) M1/E2 L
1095.35) 3.1(4) 12.528) M1/E2 L
1193.8 1155.@) 8.2(6) 41.75) 0.8916) 807.0 E2 .5
1250.7 675.8) 210.890) 1.2q13) 1355.7 164.874) 0.9516) 714.2 M1/E2 ur_ gt
1361.8 110.@) 3.330) 8.0(5) 0.298) 675.9 M1/E2 2
787.23) 15.341) 38.247) M1/E2 g*H g*
1653.7 403.(6) 57.03) 0.656) 675.9 50.948) 0.5310) 675.9 M1/E2 L ur
1079.14) 309.2110) 1.048) 1355.7 154.(66) E2 Lo
2023.8 773.8) 100 100 1.08L1) 714.2 M1/E2 L ur
662.33) 1.55) 3.52) E2 Lr_8r
2079.4 944.@) 4.7(4) 12.1(18) 1.8378) 129.1 E2 5
1.4731) 844.0
956.31) 1.22) 4.43) M1/E2 &I
1163.82) 1.02) 3.57) M1/E2 .
1366.14) 3.28) 9.0(17) E2 5
2158.9 12448 1.02) 3.67) (M1/E2) )1
1446.21) 0.7(4) 1.33) (E2) (-5
2398.6 1205.) 3.603) 8.421) 0.227) 807.0 M1/E2 ur_ 8-
1275.23) 12.412) 28.747) 1.1415) 468.0 E2 ur_ 1=
1484.Q4) 5.2(5) 12.920) 0.9317) 468.0 E2 ur_ 1=
2433.9 1240.8Y) 4.511) 13.639) 0.5713) 468.0 M1/E2 ur_ e
1311.12) 1.94) 2.7(5) 1.1347) 468.0 E2 w1
1333.34) 0.73) 1.33) 0.7630) 468.0 M1/E2 ur_ 8
1519.32) 1.92) 11.022) 1.0526) 468.0 E2 w1
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TABLE I. (Continued)

105 MeV 95 MeV
Elevel Ey
(keV) (keV) L, Rbco Gate I, Rbco Gate ol =17
2492.7 469.2) 2.7(4) 13.318) M1/E2 L
838.62) 6.317) 0.6911) 1079.1 2.2) 0.37114) 675.9 M1/E2 L
1242.23) 47.934) 26.924) 1.11(24) 714.2 E2 Lr_ur
2581.0 557.8) 3.1(3) 2.42) 0.8511) 773.3 M1/E2 L
926.84) 4.72) 2.7(3) 0.81(11)  1079.1 M1/E2 S
1219.23) 3.37) 1.7(4) E2 Lot
2618.1 1424.@3) 5.34) 2.95) 0.7914)  1154.4 E2 Lr_g
2900.0 406.7) 4.2(5) 2.1(3) 0.5321) 1079.1 M1/E2 e
876.22) 6.7(8) 2.06) E2 13”_, 1;*
1246.34) 272.6114 0.957) 1079.1 E2 o
2935.5 856.1) 1.4(6) 2.65) 1.3667) 844.1 E2 L e
2979.6 546.05) <0.1 0.42) M1/E2 Lt ur
581.13) 1.1(3) 2.65) M1/E2 L u
821.13) 2.22) 3.67) (M1/E2) L (i)
901.35) 6.96) 15.627) 1.3735) 844.0 E2 Lr_g
1729.82) 6.7(6) 8.96) E1 L ur
3205.6 807.(8) 14.914) 34.958) 1.0510) 468.0 E2 L ur
772.34) 6.85) 13.819) 1.0615  1154.4 E2 L ur
1183.25) 6.1(3) 13.639) 0.5911) 468.0 E1 L
1553.13) 17.218) 10.67) 0.5610) 468.0 E1 L u
3227.1 734.21) 18.712) 0.6915) 675.9 8.68) 0.82) 1079.1  M1/E2 L
1203.32) 31.019) 14.Q7) 0.91(17) 714.2 E2 L
1573.54) 11.79) 2.7(11) E2 e
3498.3 598.®) 0.84) 0.53) M1/E2 v
917.34) 2.7(6) 1.42) E2 AN 4
1005.42) 0.32) <0.2(2) M1/E2 i _, 15+
1474.34) 7.812) 3.83) 0.8217) 773.3 E2 e
3576.5 677.210) 3.21) 3.43) 0.311)  1079.1  M1/E2 i
996.34) 3.59) 2.32) E2 i
1083.81) 3.17) 3.73) 1.0527) 1079.1  M1/E2 .
1553.@3) 212 2.41) 0.70115) 7733 E2 ur
1923.24) 3.24) 3.25) 0.8426)  1079.1 E2 ur L
3617.6 412.@) 7.37) 0.597) 773.3 9.317) 0.524) 807.0 M1/E2 By
638.42) 3.34) 8.4(5) 2.1256) 129.1 E2 i, L
1000.14) 3.75) 9.321) 1.1824)  1154.4 E2 S
3673.6 56.23) ~18 M1/E2 v i
97.33) 2.4(2) 3.1(4) 0.318) 714.2 El L i
176.22) 1.41) 1.91) 0.557) 714.4 E1 Lr_ i
448.32) 14.1(12) 0.549) 773.3 18.911) 0.465) 714.2 E1 L
468.05) 11.49) 0.81(12) 675.9 11.49) 0.91(8) 714.2 E2 Lr_
3722.7 517.05) 3.75) 3.23) 0.4312) 12752  M1/E2 oL
743.32) 1.63) 0.61) E2 L
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TABLE I. (Continued)
105 MeV 95 MeV

Elevel Ey
(keV) (keV) L, Roco Gate I, Roco Gate oL =17
4006.3 1106.3Y) <1 (M1/E2) (139+) 17”

1512.65) 1.65) (E2) (1%)_, 1o¥
4255.7 1355.B) 190.795) 1.099) 1079.1 E2 ar_ i
4271.8 549.44) 1.2(2) 2.72) E2 ar_ i

598.25) 20.614) 0.41(8) 773.3 18.110) 0.419) 12752  M1/E2 ar_ Lo
4387.8 116.8) 1.82) 1.7(11) 0.3715)  468.0 M1/E2 S

714.35) 17.218) 1.1117) 773.3 17.613) 1.1211)  468.0 E2 Zr_ L
4435.7 762.13) 8.98) 4.06) 1.12) 468.0 (E2) Zr_ Lo
5257.9 1002.@) 21.17) 6.43) (E2) (235+) ar
5386.9 996.84) 3.1(4) 147 (M1/E2)  (&7)_.2Z"

1115.12) 33.221) 3.73) (E2) (27)-(2)
5438.0 1182.®) 109.465) 1.0910) 1355.7 E2 Zr_
5830.8 1575.1) 41.934) 1.3427) 1355.7 E2 Zr_ar
6147.8 761.44) 1.7(4) (ML/E2) (&) (Z")

1760.Q2) 5.6(21) (E2) (Z) .z
6467.0 1080.8) 2.511) (E2) (2 (2
6477.2 1219.Q) 11.918) (E2) (2 (2
6568.2 1130.8) 72.842) 1.1215) 1079.1 E2 Lzt
6887.7 1501.2@3) 8.4(27) (E2) (2 (2
7104.3 1273.8) 29.917) (E2) (2 (2

1666.23) 8.25) (E2) (Z) 2z
7684.4 1217.¢4) 3.411) (E2) (&) (2
8035.0 1466.65) 46.232) 1.0815) 1355.7 (E2) ()2
8044.3 1156.3}) 5.1(3) (E2) (&%) (2
8056.0 1910.@) 1.2(2) (E2) (&) (2
8494.1 1389.8)) 4.514) (E2) (&) (2
9008.1 1323.B) 3.24) (E2) () ()
9714.2 1679.@%) 9.912) (E2) (7). ()
9956.2 1911.8) 3.37) (E2) (37 (&)
10414.4 1406.() 2.72) (E2) (49 (3
11382.6 1668.4) 7.43) (E2) (49 (3
13363.1 1980.®) 3.1(11) (E2) (%) (%)

“From Ref.[58].
PFrom the intensities balance.

keV excitation energy constitutes the bandhead of thel106.3-keV transition on the 2900.0-keV level. They show a
positive-parity structures. A strong-coupled-like band, la-similar degree of signature splitting as the previously known
beled band 1, develops yrast at low excitation energies. 18/2*-11/2°-13/2*-15/2"-17/2" sequence. Figurg@ shows
Ref. [19], two Al=1 transitions, 838.6 and 406.7 keV, were a spectrum double-gated on the 675.9- and 1242.2-keV
newly reported, as well as thel =2, 1242.2-keV transition, rays in which our extension of the ground-state band can be
as being the extension of the previous 9424/2"-13/2" ob-  observed. Although the statistics are low, the double-gating
served sequence. Our data support this assignment. We prorocedure leads to extremely clean spectra.

pose a new level at 4006.3 keV with sgit®/2") as belong- The fact that the low-spin states were favorably populated
ing to the oblate yrast band, depopulating byA&=2, in the reaction on the 1 mg/éf°Ca target at 95 MeV al-
1512-keV y ray on the 2492.7-keV level and Al=1, lowed us to identify the second 97&tate at 1361.8-keV
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30 g e 6761242 —11/2%), and 403.1-keM13/2*—11/2") y rays. Our an-
254 a) gular distribution results for the 675.9-keV transitigfig. 3,
top) agree with the two values for the mixing ratios obtained
by Jenkinset al. [19]. As they pointed out, the smaller value
of the mixing ratio fully agrees with the expected value for

the quadrupole momer®y~-3 eb when considering an

400 600 800 1000 1200 1400 oblate shape and a deformation paramefgr=-0.3 in
Energy (keV) agreement with the theoretical predictions. But the large
40- 2 Gate 97-676 value of the mixing ratio cannot be excluded because it may

b) explain the quadrupole behavior of the 675.9-keV transition
in the angular correlation analysisee Table). For example,
gating on the 714.2-keVy ray, which from the angular dis-
tribution and correlation data was found to have a quadru-
pole character, or gating on the stretched quadrupole

400 600 800 1000 1200 1400 1355.7-keV transition, the values obtained for the DCO ra-
w0 Energy (keV) tios are 0.9616) and 1.2Q13), respectively, consistent with a
3 g Gate 1246-1356 Al =2 multipolarity or a large dipole-quadrupole mixing ratio

) for the 675.9-keVy ray. The same situation appears in the
angular correlation analysis of the 773.3-keV transition. With
a gate on the 714.5-keV transition, a DCO value of (108

is obtained, suggesting a quadrupole character and a spin
assignment of 15/2for the level at 2023.8 keV. In our

N
oot
Ned=l
Ot
—

0 600 800 1000 1200 1400 1600 analysis of the angular distribution data for the 773.3-keV
Energy (keV) transition, again two solutions are found, one corresponding
; g Gate 714-638 to a large multipole mixing ratié=2.30+0.39 and the other

P
o
56

& to a small multipole mixing rati@?=0.57"3-2% (see Fig. 3 and
Table Il). The former solution has a reducgé=0.867 value
whereas the latter hag?=1.245. No other minima were
found in the plot ofy? vs 8 as represented in Fig. 3. With
such a large value ob for the 773.3-keV transition, we
260 400 600 800 1000 1200 1400 1600 assume a mixeB2/M1 character and a spin of 137fr the
Energy (keV) 2023.8-keV level, in agreement with the systematics of the
FIG. 2. Examples of doubly gated coincidence spectra from thdight germanium isotopef31,33,35. A spin of 13/2 for the
n-yyy cube. Panelga) and (b) present spectra acquired from the 2023.8-keV level is also consistent with the results of the
experiment at 105 MeV using the thifiCa target and the pandls)  directional correlations analysis for the 1203.3-, 448.2-, and
and (d) contain spectra acquired from the experiment at 95 MeV1183.2-keV transitions populating the level. The angular dis-
using a gold-backed’Ca target. Peaks labeled with their energiestripution of the 403.1-keV transition shows an isotropic char-

in keV are assigned t&°Se. acter, giving the values=0.16+0.05 for the mixing ratio
(Fig. 3, bottom.
excitation energy, lying close to the first 11/2tate at Large values of the mixing ratios for the low members of

1250.7 keV and which decays to the first 9/Bvel by a  the yrast band have also been measure@®@e [33] and
787.2-keV transition. Three new levels at 2581.0, 3498.3/°Kr [4,34]. A simple prolate-oblate mixing model is pro-
and 3576.5 keV were also well populated in the reaction aposed in Ref[4] in order to describe the anomalous behavior
95-MeV beam energy. Good statistics allowed us to extracef transition probabilities ir>Kr.
the multipole order of the transitions depopulating these lev- At spin 21/2 the oblate structure was found by Jenkins
els supporting the spin assignments of 13/27/2", and and co-workers to be crossed by a prolate configuration
17/2*, respectively. Up to now, four levels with spin 17/2 which continues at high spin. Above spin 21/additional
have been found if°Se. The yrast state at 2900.0-keV ex- structures occur. The 257 Xtate at 5438.0-keV excitation
citation energy is only populated by transitions decayingenergy belongs to the prolate configuration found by Jenkins
from the higher positive-parity yrast levels. The other threeet al. [19]. The second 25/2state is depopulated by the
levels—at 3227.1, 3498.3, and 3576.5 keV—are populated575.1-keV transition. In the work of Jenkies al. [19] this
by transitions decaying from the negative-parity state withstate was found to be populated by the 1002.2-keV transi-
spin 19/2 at 3673.6 keV. In the spectrum from Figh2the  tion. Our data support the existence of the 1002.2-keV tran-
996.3-, 1083.8-, 677.2-, and 1553-keMays which deexcite sition but not its placement. Setting appropriate double gates
the newly found level at 3576.5 keV can be observed. in the n-yyy cubes obtained from the present experiments
In Table Il the angular distribution coefficierds/Ayand  we could not establish any coincidence relation between the
A4/ Ay and mixing ratioss are listed. As an example for the 1575.1- and the 1002.2-keV transition. Instead, a rotational-
quality of the data, the left side of Fig. 3 shows the angulalike cascade consisting of 1273.5- and 1389.8-keV ljseg
distributions of the 675.911/2"—9/2"), 773.2«13/2" Fig. 2c)] extends the nonyrast structure built on the second
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TABLE II. Angular distribution coefficients and mixing ratios fSe from the*°Ca(3S, 20n)%°Se reac-
tion at 105-MeV beam energy.

E,(keV) 1M Axl Agt A(Ar] Ag) Ayl Agt A(A4]Ay) S5+AS
714.2 23/2—19/2 0.238+0.06 -0.0807+0.01 -0.087982
598.2 21/2—19/7 -0.142+0.04 -0.085+0.03 0.05+0.03
468.0 19/2—15/Z 0.157+0.05 -0.11+0.07 -0.16+0.06
448.2 19/2—17/2 0.245+0.6 0.025+0.01 0.32+005
412.0 17/2—15/Z -0.172+0.05 -0.02+0.01 0.50+0.4
1130.2 29/2—25/2" 0.511+0.04 0.007+0.002 0.17+6.4
1182.3 25/2—21/2" 0.359+0.03 -0.154+0.06 0.0+0.01
1079.1 13/2-9/2 0.29+0.03 -0.06+0.03 0.0+0.01
403.1 13/2—11/2 0.005+0.001 -0.0015+0.0007 0.16%0.05
773.3 13/2—11/2 0.47+0.1 0.105+0.075 2.30+0.39
0.57007
675.9 11/2-9/2° 0.35+0.07 0.057+0.02 2.59%
05738

#Small contamination at backward angles with the 442.9-keV transitiGfAs.
®Small contamination at backward angles with the 1125.3-keV transiti6fGe.

25/2" state. We found the 1002.2-keV transition to feed thethe 1219.4-keV transition which decays from the newly ob-
21/2 yrast state directly with a very low intensity which served state at 6477.2-keV excitation energy.

does not allow us to extract its DCO value and determine the The small difference between the energies ofirays in
spin of the level at 5257.9 keV. This level is populated bythe high-spin part of the level scheme and those reported in

= 10000
= exp. — 675.9 keV, 11/2 -> 9/2 676.9 keV, 11/2 —> 9/2
5 12(-2\ theory — 1000} 1
S 2
g 100¢
E ol %10
= = 10p 10.1%
2
g st 1 ]

0 40 80 120 160 -I5 -1 05 0 05 1 15

O (degrees) arctan( )

2 g exp 773 keV, 13/2 —> 11/2 = 10000
2 g - eV, -> 773 keV, 13/2 -> 11/2 I
§ | “\theory 1000L ] FIG. 3. Left: angular distribu-
E 7+ tion data for the 675.9-, 773.2-,
gt 100} ; and 403.1-ke\P°Se y rays. Right:
g 6 o plots of x? vs the mixing ratios

L = L 4 . . .
5 5 10 0.1% for the angular distribution of the
g L i ] respectivey rays. The initial- and
g 4r final-spin states which were tested
= o = 40 80 120 160 5 T 5 6 o5 1 15 are indicated on the plots.

O (degrees) arctan(3)

- 10000
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3 theory - 1000} 5
E 100+
8
87 « .10k ]
= = 0.1%
£ V
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L 1.8+
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the previous work19] may be the result of the low statistics band and the prolate quagiband[10-13. In 5°Se only one

and large Doppler broadenings of the peaks at high energiemtational band has been observed and its levels may contain
The peak half-width at 1.3 MeV is about 10 keV in the ex- contributions from both bands, one of them being dominant.
periment with the self-supporting target and about 2.6 keV inThe coexistence of two bands involves the mixing of ke

the experiment with the gold-backétCa target. values characterizing these bands. Thus, the oblate-prolate
mixing of 58Se is strongly reflected in the yrast structure in
69Se whose states will also be characterized by miked
values.

The first three negative-parity levels lie at very low exci-  Since a rotational model treating an odd-particle coupled
tation energies. The DCO values for the 129.1- and 161.3to a symmetric rotor deals only with well definédvalues,
keV transitions show their dipole and quadrupole charactewve will try to describe the positive-parity one-quasiparticle
respectively. While a 3/2value for the spin of the level at states in®°Se by applying the RTRP model. The model de-
129.1 keV was already assigned by Jenlkénsl. [19], the  scribes an odd system of nucleons by coupling a quasiparti-
systematics of nuclei with=35 such a$°Ni and ®’Ge sug-  cle to a triaxial Davydov even-even cof86]. Within this
gest us the spin 3/2as well for the level at 290.1 keV. In  model, the shape of the nucleus is defined by two deforma-
general, the negative-parity part of the level scheme shows on parameters, namely, the quadrupole deformagioand
large density of levels mostly concentrated below 3.5-MeVthe asymmetry parametetr These parameters are kept fixed
excitation energy. They were very strongly populated in thethroughout the calculatiokrigid rotor). The valuesy=0°,
experiment using a thick target, and the small peak width60° correspond to the prolate and oblate axial symmetrical
characteristic of the experiments using thick targets madeases, respectively. In the RTRP model, #amixing dis-
possible the disentanglement of the doublets, their placemegtussed above depends directly on the asymmetry parameter
in the level scheme with good accuracy in energy, and clean. Besides the energies and the signature splitting of the
gates with good statistics in the DCO-ratio measurementositive-parity yrast states, we will also examine how well
These states can be classified into two groups. The new levheir electromagnetic properties and the properties of the ob-
els at 1134.7, 2079.4, and 2979.6 keV, together with the levserved yrare levels can be described assuming a rigid triaxial
els at 1193.8 and 2618.1 keV found by WiogBgand con-  shape for®°Se.
firmed by Jenkinset al. [19] and in the present work are
populated from the 17/2state at 3617.6 keV. The levels at A. The model
1123.5 and 2398.6 keV and the levels at 914.6 and ) _ ) . _
2433.9 keV are populated from the state at 3205.6 keV and The RTRP model is described in detail in the original
they show similar spin sequences and energy spacings. Ti@pPer of Larsson, Leander, and Ragnarsisef). A particle
spin assignments for these levels were confirmed by thgouples to a rlgld_rotor so that the Hamiltonian of the odd
DCO ratios extracted in the present experiment. Jhrays ~ SyStém can be written as
depopulating the newly observed cascade consisting of H = Hep+ Hpair + Hoore )
2979.6-, 2079.4-, 1134.7-, and 290.1-keV levels are clearly
seen in the spectrum presented in Figd)2Based on DCO The single-particle Hamiltoniahig, describes the odd par-
measurements, we assigned to these levels the spins,13/2cle in a deformed modified oscillator potential character-
9/27, 5/27, and 3/2Z, respectively. The 15/2and 19/2  ized by the deformation parametegsandy. The parameters
yrast states are fed by thE2 transitions of 468.0 and for the modified oscillator potential are those of Bengtsson
714.2 keV, respectively, and by a paralMIl/E2 cascade and Ragnarssof87]. Hp,; represents the pairing force act-
via the 56.2—412.0-keV and 116.4—598.2-keVays. ing between like nucleons and is included in the model by

a standard BCS calculation. The Fermi level and the pair-
ing gap are derived quantities and not adjustable param-
V. DISCUSSION eters.

The core Hamiltonian has the typical form

B. Negative-parity states

The strongly coupled like positive-parity structure which

develops at low excitation energies 4?8e obviously points 3 (.-
to a large oblate deformation. Thus, the involved Nilsson Hcore:E K ke (3)
configuration is theK=9/2 orbit of the gq/», orbital. In the A

limit of high-K. qrbitals near the Fermi surface, the Coriolis where| andj are the total and particle angular momenta,
effects are mm!mal for the yrast states _and they may reFespectively. The moments of inerfig are assumed to be of
semble pure Nilsson states with a relatively pite The hvdrodvnamical type

nonregular character of the rotational yrast banége with y y yp

the large signature splitting suggests a strong admixture with 4 . 2

low-K orbits. This strond mixing in the yrast band may be Je= 530 sm?-<y+ ?K) (4)
understood when taking into account the fact that the yrast

band in®°Se is the result of coupling the odd-neutron to theThe fixed moment of inertid, can be derived from the core
states of thé®Se core. As we pointed out at the beginning of excitation energyE(2*). The codes employed in this work
this paper, two bands with different deformations have beef38-4Q allow also calculations with a variable moment of
found to coexist at low spin if®Se—the oblate ground-state inertia [41], but in order to reduce the number of the free
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parameters, we used only a constant moment of inertia. The 1f 7 7 7 7 Ty T T T T T Tl
strong-coupling basis is used for the diagonalization of the | P s

particle-rotor Hamiltonian N -

% O- Pid S 7
21+1 st 7 e
IMKw) = \/ 7 2 ol DNl )

16772 NIjQ . -1 . ) ) ) ) ) )

[ ; I Y

+ (= D" Dy-INI - )], (5) e

0.5+

The symbolv labels the different deformed single-particle g ol /\/
states. Up to 15 single-particle orbitals can be included in the”
calculations. The strong-coupling basis states of the com- -0.5;
plete systemIMKv) are labeled by the projectidk of | on il 1
the intrinsic axis Jquantization axig due to triaxiality, the B2 Bz 12 197 12 B2 12 9p
relationK=) is not longer valid. Ith) Ith)

The agreement between the experimental and calculated |G, 4. Experimental and calculated signature splitting for the
spectra can be improved by introducing an additional paramgne-quassiparticle states of the positive-parity yrast bantfSe.

eter {—the Coriolis attenuation parameter which multiplies The RTRP parameters used in the calculations are given in Table
the matrix elements of the Coriolis term in the Hamiltonian. ).

B. RTRP description of the low-lying positive-parity The optimal value of the asymmetry parameter is found
states in%%Se from the signature splitting which is very sensitive to any

The main fit parameters of the model are the deformatiorYa”atlon of . A measure of the signature splitting is the

parameters and y and the energy of the first excited core expressior{44]
. . .

;tateE(Z ).' These parameters' have been fltted' to the' excita- EN) —E( =1 1(01+1) (1 = 2)(I - 1)
tion energies and to several important branching ratios. We )= -
started the calculations for the yrast positive-parity band by EM-E(I-2 10+1D-11-1)
considering values for the quadrupole deformation in the
range 0.25< &,<0.35 as suggested by the systematics of thé® vanishing splitting(pure rotor spectrum, strong coupling
oddA selenium isotopes. Of course, values outside thigorresponds to the valugl)=0. Figure 4 displays both the
range have not been excluded from the fit either. In the caltheoretical and experimental functions for the spin sequence
culations, go5, G772 and dsj, single-particle orbitals have Of the yrast levels. The observed signature splitting cannot be
been considered. The best agreement with the experimenté@produced with an axial oblate shagg=60°,e,>0).
data has been obtained fes=0.33. This value agrees with Varying y between 60° and 40° will produce only small
the deformations,=-0.32 for the ground-state band in the changes in the theoretical function, but the changes be-
even-even coré®Se derived by Petrovicet al. [12] from  come important whery approaches the maximum triaxi-
complex EXCITED VAMPIR[42] calculations. We have to ality where y=36° reproduces very well the experimental
point out that the parameters given in the results of the fisplitting.
respect the “Copenhagen convention,” according to which Only a small attenuation of the Coriolis force was neces-
the asymmetry parametertakes values in the range Qfro-  sary and the optimum results were obtained4e0.95. The
late shapgto 60° (oblate shapgswith positive values for the model parameters used in the present calculations are given
quadrupole deformatiors,. in Table 111

The obtained fitted value for core excitation energy is The comparison of the experimental and calculated en-
E(2*)=500 keV, smaller than the experimental energy ofergy levels of®*Se is shown in Fig. 5. The calculations pro-
854 keV of the first 2 state in%8Se. A fitted valueE(2") vide the four low-lying positive-parity band structures which
=230 keV was reported by Jenkies al. [43] in their two have been observed experimentally. The calculated levels are
quasiparticle-rotor model calculations performed for the oddormalized to the experimental energy of the bandhead with
odd nucleus®Br, with the two quasiparticles being a proton
and a neutron in theg, shell. The inconsistencies between  TABLE Ill. The RTRP parameters used in the present work:
the experimental and the calculateR*) values were asso- quadrupole deformatioe,, asymmetry parametey, core 2 state
ciated, in Ref[43], with the shape coexistence #Se. Be-  energy, and Coriolis attenuation factrx, and u, are the Nilsson
sides, one should always take into account the fact that thearameters for neutrons in the=4 oscillator shell, taken from Ref.
model treats the coupling to an even-even core of a quasl37l-
particle, e.g., a mixture of a particle and a hole state. There=

(6)

fore, one cannot expect to obtain agreement between experi- Y E(27)
ment and theory when choosing the valu&(®*) parameter €2 (deg  (MeV) 3 Kn M
just equal to the energy of the first excited state in®iSe or 69Se ;= +0.33 36° 0.5 095 0.070 039

0Se nuclei.
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6118

25/2% 5831
__ 5718
4641
22" 4256, .. 4319 '
19/2¥F 4006......___ 4076 _ 4028 ; ;
K 172" 34087 172" 3576;
+ ; ==
172" 32277 _ N
172* 2900 2854 2749 I_:IG. 5. E)_(perlmental and calculated positive-
152 2493 ase 132% 2581 EXP RTRP parity levels in6°Se. The RTRP parameters used
""""" — + 2186 in the calculations are given in Table IlI.
132* 2024 . ——
132 1654 1655 ’ 1623 EXP RTRP
Z_ ot _ e + R
2t st 1252 92 1362
+
ot 575 . _ 515  pyp  RIRP
EXP RTRP YRARE
YRAST

spin 9/2. In Fig. 5 only the theoretical levels which have an states of the coréFig. 6, bottom. The quasiy-band in%8Se
experimental partner were represented. The set of parametesss experimentally and theoretically found to have a prolate
which describes very well the experimental signature splitcharacter with a slightly different quadrupole deformation
ting (Table 1) can successfully reproduce the experimentalwith respect to the ground-state band. Thus, the nonyrast
energies of the one-quasiparticle yrast positive-parity statestates may be reproduced with a different set of deformation
The other nonyrast levels, especially the 17A2ates, are parameters:, or/andy. The restriction to a rigid rotor core
predicted by the model higher in energy. The calculated levemployed by the model is a limitation in the study of these
els are dominated by thegy,, single-particle orbital which states.

gives a contribution of-80 % to the total wave function of The model predicts a 257 Xtate at an excitation energy
the yrast and yrare states. Tthg, andg,,, orbitals contribute  of E,=6118 keV which may correspond to the experimental
only with small amplitudegsee Table I\. The amplitudes of state at 5830.8 keV. In this case, the level at 5830.8 keV
the core states in the total wave functions are presented ioould be regarded as the continuation of the oblate band.
Fig. 6. The 3,3",4;,... core states form the quagiband of Figure 7 shows a comparison between the experimental
a triaxial rotor; there is ng band of the core in this model. and the calculated branching ratios for the yrast and yrare
The wave functions associated to the yrast calculated levelstates using the relation

reveal the probability that the core in the ground band is
larger than 909Fig. 6, top. The nonyrast calculated levels

(T(Ml;l — 1=+ T(E2;l — | —1))
RTRP

contain an increased contribution from the qugdand T(E2;l —1-2)
. . . . . I(l—=1-1)
TABLE IV. Relative single-particle structure of positive-parity =r (7)
states in%Se calculated with the RTRP modgbarameterse, L —=1-2)

=0.33,y=36° and see Table Il For each spin the squared ampli-

= The given ratios for the yrare levels are extracted between
tude is given for the yrast and yrare states.

the in-bandl —1-2 transition and the correspondithg- |
—1 transition populating the levels of the yrast band. The

_ Yrast states Yrare states intensity ratiol,(I—1-1)/1,(1—1-2) for the decay of a
Spin Y012 ds2 Gz Gz G52 G2 given statel has been determined in the most direct way,
9/2 88.44 9.94 0.7 798 14.4 275 hamely, from the coincidence spectrum with a gate on the
11/2" 870 106 103 in-band transmpn populatn_wg the ;tate under mvespgatl.on.

The theoretical branching ratios represented in Fig. 7
13/2" 84.9 11.6 1.66 85.7 11.3 13 \vere calculated using the model parameters given in Table
15/2 589 111 14 lIl. In the evaluation of the electromagnetic moments, an
17/ 80.8 13.4 2.9 843 122 15  effectivegs factor of 0.7g/*® has been used arg} has been
19/2* 84.2 11.9 1.9 taken as the rati@/A=0.492. For the sake of comparison,
21/2 78.7 14.2 3.6 the calculated branching ratios assuming an axial oblate
23/ 828 125 2.4 shape(y=60°) are also represented in the plots. For both
o5/ 775 14.6 4.2 yrast and yrare structures, the experimental ratios are better

reproduced when assuming a rigid triaxial shape. Calcula-
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FIG. 7. Experimental branching ratiggoints compared to the
calculated values using the RTRP model {or36° (dotted line$
and y=60° (oblate axial symmetrjc(solid lineg. The theoretical
values are based on calculated matrix elements and experimental
y-ray energies. The RTRP model parameters are those given ifihe y-ray energies, are given in MeV\ is the measured

Table IlI.

tions with an axial oblate shape predict branching ratios
which are larger than the measured ones for the yrast states.
The calculations withy=36° predict a smalB(E2) value for

the in-band 13/2—9/2; transition, thus reproducing the
observed enhancement of the out-of-band 13421/2; de-

cay. However, the RTRP results for the yrare band should be
regarded with some precaution because due to the shape-
coexistence phenomenon, the rigid core approximation as-
sumed for the shape of th&€Se nucleus may not be valid for
these states.

The determination of the absoluBfM1) and B(E2) re-
duced transition probabilities requires the measurement of
the nuclear lifetimes and mixing ratios of the levels and tran-
sitions involved. However, no lifetimes were determined in
the present work and only the mixing ratios of the 13/2
—11/2], 403.1-keV and 13/2-11/2;, 773.3-keV transi-
tions could be determined. One can thus compare the theo-
retical and the experimental ratios between the in-band
B(M1;l —I1-1)and theB(E2;l —1-2) values of the 403.1-
and 1079.1-keV transitions depopulating the I3ARast
level at 1653.7-keV excitation energy and the ratios between
the out-of-band B(M1;l—1-1) value to the in-band
B(E2;l1 —1-2) value of the 773.3- and 662.3-keV transitions
depopulating the 13/2yrare level at 2023.8-keV excitation
energy. The ratios of reduced transition probabilities are
given in Table V; the experimental ratios have been calcu-
lated using the equation

BMLI—1-1) EXI—1-2 X, o,
BE2:I - 1-2) —0.696,E%(| A+ NG
(8)

branching ratio extracted by applying the second part of Eq.
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TABLE V. Experimental and theoretical values of the mixing ratiés branching ratios\, and
B(M1)/B(E2) ratios in®%Se.

Experiment RTRPy=36°
E, B(M1)/B(E2) B(M1)/B(E2)
li— 1y (keV) A 5 (un/e b)? A 5 (unle b)?
13/2/—11/2 403 0.182) 0.16%0.05 2.712 0.20 0.12 3.06
13/2[—9/2; 1079
13/2,—11/2; 773 8.17) 2.30+0.39 0.28) 834 071 1.18
13/2,—9/2, 662

(7), and § is the E2/M1 mixing ratio. The RTRP model the frequency rangéi»=0.8—0.9 MeV. They look again
reproduces very well the observed electromagnetic propertiesmilar and they may have the same character. Theoretically,
of the transitions depopulating the 13/grast state and a neutron alignment may take place but a second proton
predicts a value of 0.12 for the mixing ratio of the alignment cannot be excluded.

403.1-keVtransition.

In general, the one-quasiparticle yrast positive-parity
states in®°Se and their properties can be well reproduced in
the framework of rigid triaxial rotor plus particle model. The At low energies, the negative-parity states®¥e do not
fit of the experimental signature splitting and branching ra<show a rotational structure as observed in the heavier odd-Se
tios demonstrates the importance of a nonaxial symmetrgnd Br isotopes, suggesting a smaller deformation for this
calculation. More experimental data, in particular lifetime part of the level scheme and possibly predominant shell
measurements in the one-quasiparticle bands, would be helmodel characteristics. Negative-parity decoupled rotational
ful for a more complete description of the shape of thisbands develop already at very low excitation energies$e
nucleus. [47] and "1 "Br nuclei [48,49. With increasing the neutron

D. Negative-parity bands

12 T T T T

C. Three quasiparticle positive-parity bands

Figure 8 shows the kinematic moments of inertia of the 10k o J
Lt

oblate yrast and the excited configurations®#f%Se. Also
shown are the kinematic moments of inertia of the oblate  ¢|
ground-state band, the neutron aligned and the protor<s
aligned bands if%Ge [45,46. Please note the similarity be- = o
tween the behavior of the moment of inertia of the excited ~

prolate configurations if°Se and®®Ge.

eV]

BGe (oblate) —o—
% Se (oblate) ..o

The aligned angular momentuiy(i,=1,—i;) for the ob- ar g ® Se (triaxial oblate) g~ ]
late bandgqtop) and the excited prolate configuratio(tsot- o
tom) for all three nuclei are presented in Fig. 9. Tioval- 2 03 o 05 06 07 08

ues are used in the calculation of the alignmenf®%e since
for triaxial deformation theK value is not well defined. A
K=0.5 value corresponds to prolate deformation whdle : : : ; : ;
=4.5 corresponds to oblate deformation. The difference in 30
initial alignment at low rotational frequencid$(w) = 4#]
with respect to the even-evéfSe and®®Ge nuclei implies a
nearly complete alignment of the odd neutron igya orbital _
with the axis of rotation. The sharp backbend at the rota- % St
tional frequencyiw=~0.6 MeV and the gain in alignment of )
~7h units of angular momentum are consistent with the
alignment of a pair ofgg, protons occupying the low 1/2
[440] orbital at prolate deformation. This indicates a strong 5t
polarization of the core and shape chang&8e from oblate

triaxial shape at low spin to prolate shapes at intermediate 02 01 o6 o3 1 12 14 16
spin. The observed similarity between the backbends and thi

alignments of the excited structure #iSe and the proton- (h@)? [(MeVY]

aligned configuration iff%Ge reciprocally confirms their na- FIG. 8. Experimental kinematic moments of inerfi for the
ture and suggests a similarity in the shape of the two nucledblate ground-state structurésp) and the excited prolate configu-
in this spin region. A second crossing occurs in both nuclei inations(botton) in 68:655e and®éGe.

(h)? [(MeV)]

25

MeV]
[
=]
T

% ge (prolate) —>—
% Se (prolate) —e—
68Ge( naligned) --&-
%Ge ( valigned) +

—
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Al o Ge (oblate) —o— | tion results, no other 15/2states were identified. The
93¢ (rianial cblte, Ko172) - states 15/2 19/2, and 23/2 at 3205.6-, 3673.6-, and

6l #ESe (oblate) - | 4387.8-keV excitation energies may be interpreted agdhe

g particle or hole coupled to the" 357, and 7 states in the

4t L 7 neighboring even-even nuclé?’%Se [10,55. Such a cou-

>< 3 I pling picture follows the trend observed within the chain of

20 e & e Ge isotopes betweeffGe and’°Ge which suggested their

interpretation in the framework of the weak-coupling model

[31,33. The energies of these states agree very well with the

energies of the corresponding core state$8e, while the

tentatively assigned analogous states ®fise are about

03 04 0.5 0.6 07 08 09 200-300 keV higher in energy. The occurrence of the two
ho [MeV] coexisting parallel structuregdands 6 and 7 in Fig.)Istart-
ing at a tentative spin af29/2°) suggests a change in struc-
' N . ' ' ture at high spirff19].

VI. SUMMARY

. We have revised and extended the previously known level
i scheme for theN=Z+1 nucleus ®*Se employing the
40Ca(32s,2pn) reaction. Double and triplg-ray coincidences
83e (prolate) —o— gated with particles, as well as angular distributions and di-
Ge ( maligned) -~ rectional correlations, have been measured. The "18tdte
E',_,.‘JE 225e<l<=1/2> e 7 belonging to the oblate yrast band has been established at
2+ T Se(k=52) —o— g E.~4 MeV. Above this energy, the oblate structure is
. ! . crossed by a prolate configuration whose kinematic moment
04 06 08 1 12 of inertia and alignment show the same characteristics as
ho [MeV] those in the even-evéiiGe nucleus. An important aspect for
FIG. 9. Experimental alignmenig for the oblate ground-state future work will be the determination of the deformation of
structures(top) and the excited prolate configuratioffzottom) in these nuclei in the band-crossing region.
68.6%e ancP®Ge. Harris reference paramet@s=6.0h> MeV~ and The low-lying negative-parity states appear to be consis-
Jo=3.51* MeV~® have been used for all nuclei. tent with the systematics dfl=35 isotones, suggesting a
small deformation and predominant shell model characteris-
number, strongly-coupled negative-parity structures charaGics for this part of the level scheme. Abo&~ 3 MeV
terize the "*">Se [50-52 and ">"Br isotopes[53,54.  excitation energy the collective excitations become impor-
Thus, at low excitation energies, the negative-parity structurgyn.
of ®*Se fits better in the systematics of neighboring odd-Ge ' The one-quasiparticle states of the yrast and near yrast
isotopes, whose structural and electromagnetic properties hsitive-parity bands have been discussed in terms of a par-
low excitations are due to both neutron and proton shell efticle coupled to a rigid triaxial rotor model. The model re-
fects and to small shape deformations connected with thgroduces very well the properties of the yrast states such as
departure from closed shells, defining a transitional regiofhe signature splitting, excitation energies, and branching ra-
where neither shell nor collective effects can be expected tfos, but only if a substantial deviation from axial symmetry
predominate. _ . o is taken into account. The rigid shape assumed for the core
s Order to determine whether the low-lying excitations of represents, of course, a limitation apanust be regarded as
Se are mainly shell excitations or mainly collective modesan effective parameter. We can conclude that one quasiparti-

one needs complete experimental information about the levelle coupled to a rigid triaxial core is able to explain the main
scheme and electromagnetic properties. Because the expegharacteristics of the low-lying levels fifSe.

mental information is still far from complete we discuss here

only qualitatively the negative-parity bands found®fige.
y 4 y gative-panty ) ACKNOWLEDGMENTS

The energy spacing and sequence of spins 37,3
of the ground state and the first three excited negative-parity One of the author¢l.S.) thanks Dr. P. Petkov and Dr. A.
states irf°Se follow the pattern observed in tNe=35 nuclei,  Lisetskiy for useful discussions. A. J. acknowledges financial
635e, 657n, and®’Ge in the mass regiofil8,56,57. These support from the Deutsche Forschungsgemeins{2RG)
levels were generally interpreted as being generated bwithin the Heisenberg program. The authors thank the crew
single-particle excitations of the odd neutron lying in theof the VIVITRON accelerator for their efficient support dur-
P32 f52, @ndpyj, Negative-parity shells. ing the experiments. The authors would like to thank Profes-

Above spin 15/2 and excitation energies around 3 MeV, sor |. Ragnarsson and P. Semms for kindly providing the
the collective excitations predominate. The 15Kate at computer codes for triaxial nuclei. This work was supported
3206 keV is the only certain candidate for the octupole statdy BMBF under Contract Nos. 06 OK 958 and 06 GO 951
in %9Se. Making use of our angular correlation and distribu-and the EUROVIV Contract No. HPRI-CT-1999-000783.

034333-14



LEVEL STRUCTURE OF%Se PHYSICAL REVIEW C69, 034333(2004

[1] C. J. Lister, B. J. Varley, H. G. Price, and J .W. Olness, Phys[31] U. Hermkenset al, Phys. Rev. C52, 1783(1995.

Rev. Lett. 49, 308(1982. [32] U. Hermkenset al, Z. Phys. A 343 371(1992.
[2] T. Mylaeuset al,, J. Phys. G15, L135(1989. [33] F. Beckeret al, Nucl. Phys.A626, 799(1997).
[3] M. Wiosnaet al, Phys. Lett. B200, 255(1988). [34] S. Skodeet al., Nucl. Phys.A633, 565(1998.
[4] S. Skodeet al, Z. Phys. A 336, 391(1990. [35] V. Zobel, L. Cleemann, J. Eberth, T. Heck, and W. Neumann,
[5] S. Freundet al., Phys. Lett. B302 167 (1993. Nucl. Phys.A346, 510(1980.
[6] W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson, and I[36] A. S. Davydov and G. F. Filippov, Nucl. Phy8, 237 (1958.
Ragnarsson, Nucl. Phy#435, 397 (1985. [37] T. Bengtsson and |. Ragnarsson, Nucl. Ph4436, 14 (1985.
[7] A. Petrovici, K. W. Schmid, F. Grimmer, and A. Faessler, [38] |. Ragnarsson and P. Seelmsivate communication
Nucl. Phys. A517, 108(1990. [39] I. Ragnarsson and P. Seelipsivate communication
[8] D. Sohleret al, Nucl. Phys.A644, 141(1998. [40] I. Ragnarsson and P. Seelipsivate communication
[9] J. H. Hamiltonet al, Phys. Rev. Lett.32, 239 (1974). [41] H. Toki and A. Faessler, Nucl. Phy#&253, 231(1975.
0] S. M. Fischeret al, Phys. Rev. Lett.84, 4064 (2000. [42] A. Petrovici, K. W. Schmid, and A. Faessler, Nucl. Phys.

1
[11] S. M. Fischer, C. J. Lister, and D. P. Balamuth, Phys. Rev. C A605, 290(1996.
67, 064318(2003. [43] D. G. Jenkinset al, Phys. Rev. C65, 064307(2002.
[12] A. Petrovici, K. W. Schmid, and A. Faessler, Nucl. Phys. [44] N. V. Zamfir and R. Casten, Phys. Lett. B0, 265 (1991).
AT710, 246 (2002. [45] A. P de Limaet al, Phys. Rev. C23, 213(1981).
[13] J. Heeseet al, Z. Phys. A 325 45(1986. [46] A. Petrovici, K. W. Schmid, F. Grimmer, and A. Faessler,

[14] S. E. Larsson, G. Leander, and I. Ragnarsson, Nucl. Phys.  Nucl. Phys.A504, 277 (1989.

A307, 189 (1978. [47] J. Eberth, L. Cleeman, and N. Schmal, in Proceedings of the
[15] J. A. Macdonalcet al,, Nucl. Phys.A288, 1 (1977). International Symposium on In-Beam Nuclear Spectroscopy,
[16] M. Ramdaneet al, Phys. Rev. C37, 645(1988). Debrecen, Hungary, 1984, edited by Zs. Dombradi and T.
[17] 3. W. Arrisonet al, Phys. Rev. C40, 2010(1989. Fenyes, 1984, p. 23.
[18] K. R. Pohl, D. F. Winchell, J. W. Arrison, and D. P. Balamuth, [48] J. W. Arrison, T. Chapuran, U. J. Hittmeier, and D. P. Bala-
Phys. Rev. C51, 519(1995. muth, Phys. Lett. B248 39 (1990.
[19] D. G. Jenkinset al,, Phys. Rev. C64, 064311(2001). [49] S. Wenet al, J. Phys. G11, L173(1985.
[20] F. A. Beck, Prog. Part. Nucl. Phy28, 443(1992. [50] F. Seifertet al,, Z. Phys. A430, 141(199J).
[21] J. Simpson, Z. Phys. 858 39 (1997. [51] G. D. Johns, J. Déring, R. A. Kaye, G. N. Sylvan, and L. S.
[22] J. Eberthet al, Prog. Part. Nucl. Phys28, 495(1992. Tabor, Phys. Rev. G5, 1175(1997).
[23] G. Duchéneet al, Nucl. Instrum. Methods Phys. Res. 432 [52] G. Z. Solomon, G. D. Johns, R. A. Kaye, and L. S. Tabor,
90 (1999. Phys. Rev. C59, 1175(1999.

[24] A. Gadeaet al,, LNL Annual Report No. 160/00, 1999, p. 151. [53] A. J. Kreineret al,, Phys. Rev. C24, 148(1981).
[25] O. Skeppstedet al, Nucl. Instrum. Methods Phys. Res. A [54] J. Déring, L. Funke, R. Schwengner, and G. Winter, Phys. Rev.

421, 531(1999. C 48, 2524(1993.
[26] F. Puhlhofer, Nucl. PhysA280, 267 (1977). [55] G. Rainovksiet al, J. Phys. G28, 2617(2002.
[27] D. Bazzaccqprivate communication [56] M. J. Murphy, C. N. Davids, E. B. Norman, and R. C. Pardo,
[28] D. C. Radford, Nucl. Instrum. Methods Phys. Res381, 297 Phys. Rev. C17, 1574(1978.

(1995. [57] M. J. Murphy and C. N. Davids, Phys. Rev. €8 1069
[29] A. Kramer-Fleckeret al, Nucl. Instrum. Methods Phys. Res. (1983.

A 275 333(1989. [58] R. B. Firestone Table of Isotopes8th ed.(Wiley, New York,
[30] D. Weil et al, Nucl. Phys.A567, 431(1994). 1998.

034333-15



