PHYSICAL REVIEW C VOLUME 57, NUMBER 6 JUNE 1998

Rotational bands in %b and ’*Yb and the projected shell model

D. E. Archer
Department of Physics, Florida State University, Tallahassee, Florida 32306
and Lawrence Livermore National Laboratory, Livermore, California 94550

M. A. Riley, T. B. Brown, D. J. Hartley, J. bring, G. D. Johns, J. Pfohl, and S. L. Tabor
Department of Physics, Florida State University, Tallahassee, Florida 32306

J. Simpson
CCLRC Daresbury Laboratory, Daresbury Warrington, WA4 4AD, United Kingdom

Y. Sun
Joint Institute for Heavy lon Research, ORNL, Oak Ridge, Tennessee 37831
and Department of Physics and Atmospheric Science, Drexel University, Philadelphia, Pennsylvania 19104

J. L. Egido
Departamento de Bica Tesica C-XI, Universidad Autooma de Madrid, E-28049 Madrid, Spain
(Received 14 August 1997

Rotational bands if”%b and *"*Yb have been studied with the reactioH&Er(a,xn)1"# *Yb at 35 and 40
MeV. Considerable extensions have been made to the previously published level schemes, and new structures
have been found in each nucleus. Angular correlation measurements and reduced transition probability
[B(M1:1—1-1)/B(E2:1—1—2)] ratios have been extracted. Detailed comparisons are made with the first
major projected shell model calculations for excited bands in anNoddcleus’tyb.
[S0556-28188)04206-X

PACS numbgs): 21.10.Re, 21.60.Cs, 23.20.Lv, 27.7@

I. INTRODUCTION Il. EXPERIMENTAL METHODS AND RESULTS

High-spin states of b and *"*Yb were produced using
e reaction*”®Er(a,xn)"* *Yb at beam energies of 35 and
0 MeV. The beam was provided by the FN Tandem and the
uperconducting Linear Accelerators at Florida State Uni-
versity. Two stacked self-supporting®Er foils of thickness

In high-spin spectroscopy studies of rare-earth nuclei, th?h
isotopes of ytterbium4=70) have been a central focus for
many experiments, and a large body of data has been est
lished fromA=156 to 168[1], making it probably the best
studied isotopic chain in th&~160 region. However, it is

not possible to use the standaidl,xn) fusion evaporation 1 mg/crf were used as targets. The de-excitatipmays
reactions to populate Yb nuclei beyoré=168. For the Were detected in the Pittsburgh-Florida State Universiies

heavierA=174 to 178 nucle{2], recent work using deep &TaY consisting of 1Q e§(;ap§—suppressed Ge detectors and a
inelastic reactions and Gammasphere have begun to reve2 element BGO multiplicity filtef3]. At 40 MeV, a total of
much information about the high-spin behavior of these33x10° prompt y-y events were collected when two or
neutron-rich Yb isotopes. In the present work we have use#hore suppressed Ge detectors were in coincidence and, at 35
the availablea beam at Florida State University, together MeV, 18x 10° events were collected.
with the Pitt-FSU escape-suppressed Ge a8ayo perform The spectra from the Ge detectors were gain matched off
detailed high-spin measurements b*%b. Considerable line, and a 4008 4000 matrix was created for each experi-
extensions have been made to the level schemes of thesgent using all possible combinations of coincidence pairs.
nuclei and new structures have been observed. The y-ray energy and detection efficiency were calibrated
The projected shell modéPSM) [4] has emerged as a using %u and *3Ba sources. The low-energy portion of
very powerful method for describing high-spin level spectrathe efficiency curve was supplemented by coincidence data
Several theoretical studies using this model have been pefrom the even-even'’%b data. They-ray data was then
formed for the yrast states in the well deformed rare-eartlanalyzed using the prograescLgrcreated by Radforfil2].
region[5-—7]. Studies have also been successfully extendeth addition, an angular correlation matrix was created for
to excited bands, for example, for the even-e¥é¥vb [8], each nucleus by projecting the events from the 6 Ge detec-
and for several od&- Ta isotopeg9-11]. Currently, no ma- tors at 35° and 145° onto theaxis and the events from 4 Ge
jor calculations have been performed for excited bands of adetectors at 90° onto thg axis. Analysis of the latter pro-
odd-N nucleus. In this work the model predictions are com-vides directional correlatiofDCO) information which was
pared with the new experimental results fofYb. used to assign multipolarities tp-ray transitions of interest.
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A. Results for "%b energy is given in Fig. 3. In this figure, as expected, the

The present study has confirmed and extended the preﬁ_tretchedzz transitions are grouped around a DCO ratio of
ously published level scheme by Walleral.[13], who also ~ ~1.0 and stretched dipoles around a DCO~.5.
used the &,xn) reaction. In the present study, 67 neways Band 1, the positive parity yrast banrevious work13]
and 2 new band structures have been added to the levebserved thisk”=0" band tentatively tol”=20". The
scheme shown in Figs. 1 and 2. Table | contains informatiorpresent study confirms this tentative assignment. This band is
on "%b including y ray energies, relative intensities, shown in Fig. 4 pane{a), where a spectrum in coincidence
branching ratios X), DCO ratios, initial and final spin as- with the 615 keV 16 — 14" transition is presented.
signments. The spins have been assig@edonfirmed us- Band 2, the lowest-energy negative parity baRdevious
ing the present DCO ratios along with previously publishedwork [13] observed this band to a tentative maximum angu-
data. A plot of the DCO ratios as a function of transition lar momentum of 17 at an excitation energy of 3.7 MeV.
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TABLE |. Data for 1%b.
E, (keV) 2 E, (keV)® et A @ DCO Ire 17e
Band 1,a=0
84.4 84.4 2+ 0"
277.6 193.2 364 10 1.03-0.01 4 2"
573.3 295.7 300 6 4+
963.2 389.9 20%6 1.06£0.01 8 6"
1437.4 474.2 1264 1.04+0.01 100 8"
1983.1 545.7 652 1.04:0.01 12 10*
2580.1 597.0 331 1.01+0.01 14 12+
3194.9 614.8 1120.8 1.07-0.03 16" 14+
3806.6 611.7 3404 1.03-0.04 18 16"
4436.3 629.7 040.2 1.2+0.4 20 18*
Band 2,a4=0
1258.6 981.0 382 1.12£0.03 4 4+
1450.5 191.9 530.3 1.1+0.1 1.02-0.08 6 4-
105.2 4.7:0.3 0.37-0.01 6 5
1715.9 265.4 1120.1 2.4:0.1 1.16-0.04 8 6~
143.2 4.7:0.3 0.35-0.01 8 7
2056.7 340.8 1690.3 5.7:0.6 1.07-0.03 100 8-
184.6 3.6:0.3 0.31-0.02 10 9~
2473.7 417.0 1450.3 7.7:1.2 0.99-0.02 12 10
231.6 1.9-0.3 12 11°
2966.4 492.7 7803 7+1 0.96+0.03 14 127
285.7 1.2:0.2 14 13~
3533.8 567.4 4303 0.96+0.04 16 14°
4174.0 640.2 0.80.1 (18) 16
4885.9 711.9 030.1 (20) (18)
Band 2,a=1
1345.3 86.8 2.80.2 0.50-0.03 5 4-
771.8 8.3:0.4 0.78-0.06 5 6"
1067.7 251 0.64+0.03 5 4+
1572.9 227.5 2802 1.09-0.09 7 5-
122.6 0.8:0.2 3.4:0.9 0.72:0.05 7 6-
609.2 4.7:0.3 0.69-0.04 7 8"
999.3 13.8:0.6 0.58-0.02 7 6"
1872.1 299.2 820.3 1.05-0.04 g 7
156.4 1.70.2 5.2:0.5 0.37-0.03 9 8-
908.8 14.50.5 0.59-0.02 9 8"
2242.0 369.9 1080.3 1.03-0.05 1T 9-
185.3 1.1+0.1 9+1 0.39+0.04 1T 10
804.3 9.70.3 0.53:0.02 1T 10*
2680.6 438.7 10%0.3 1.02-0.04 13 11°
206.9 0.5-0.2 13 12
697.5 5.3-0.2 0.64+0.04 13 12+
3186.3 505.7 740.3 0.99-0.08 15 13~
(220 f <0.3 15 14~
3756.6 570.3 460.2 1.04-0.07 17 15~
4390.4 633.8 040.1 1.3+0.2 19 17"
5084.9 694.5 040.1 (21) 19~
Band 3,a=1
1660.3 1086.8 520.5 5" 6"
1382.9 5.2-0.6 0.80.1 5" 4+
1903.1 243.2 16803 1.1+0.1 7 5
141.0 0.2:0.1 7 6
939.6 2.6:0.3 0.60-0.09 7 8"
1329.8 4.105 0.62-0.05 7 6"
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TABLE I. (Continued.
E, (keV) @ E, (keV)® rete A DCO Ire I7e
2220.6 317.5 150.2 1.0:0.1 9 7
175.9 1.4-0.2 9 8~
783.1 1.5-0.2 0.72:0.08 9 10"
1257.6 6.0:0.4 0.45-0.08 9 8"
2603.5 382.9 3.70.2 1.0:0.3 11 9
205.1 1.720.1 0.62:0.04 1T 10~
3049.9 446.4 220.2 1.0:0.1 13 11
234.3 1.6:0.1 13 12
3567.3 517.4 110.2 1.0:0.3 15 13~
270.8 0.4-0.1 15 14~
Band 3,a=0
1762.7 102.4 0.30.1 6 5”
2044.6 281.9 240.3 1.2£0.2 1.2£0.2 8 6~
141.5 2.1-0.2 8 7
2398.5 353.9 3.80.2 1.5£0.1 1.02+0.09 10 8~
177.8 2.6:0.2 10 9-
2815.7 417.2 320.2 2.2:0.3 0.93:0.08 12 10~
212.1 1.5-0.1 0.56:0.07 12 11
3296.5 480.7 220.2 4.0-0.9 14 12-
246.7 0.5-0.1 14 13~
3842.3 545.8 0.80.2 (16)) 14~
Band 4,a=1
2189.7 338.3 3.10.2 7 6”
739.2 0.4-0.2 7 6~
844.6 3.4-0.3 1.1+0.1 7 5”
2525.2 335.4 040.2 0.15-0.06 1.3:0.2 9 7"
183.6 2.6-0.2 9- 8~
2959.6 434.4 2303 1.7£0.3 0.9+0.1 11 9
227.0 1.3:0.1 11 10°
3466 507 f 1.0+0.2 (13) 11°
(265 f 0.5£0.2 (13) 12°
Band 4,a=0
2341.7 152.0 240.2 8 7"
2732.4 390.5 130.2 0.4-0.1 10 8~
207.3 3.1-0.3 10 9-
3202.2 469.9 0.80.2 0.6-0.1 (12) 10~
242.5 1.5-0.2 (12) 11°
3742.2 540.0 040.1 (14) (127)
Band 5,a=0
1851.4 400.9 1.80.2 6 6~
505.9 4104 6 5-
2098.7 247.0 0.50.2 8 6~
133.9 1.70.2 8 7
2429.2 330.7 150.2 10 8~
175.4 1.4-0.2 10 9-
2847.3 (419F 1.4+0.3 (12) 10°
Band 5,a=1
1964.9 113.6 0.60.2 7 6~
514.3 1.2:0.2 7 6~
2253.7 288.8 1.10.3 9 7
154.9 1.5-0.2 9 8~
Band 6,a=1
1459.7 886.5 1405 0.8-0.2 5" 6"
1182.2 4607 0.69:0.07 5" 4+
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TABLE I. (Continued.
E, (keV) 2 E, (keV) " rete A d DCO Ire |7e
1780.3 320.6 080.3 7 5%
817.1 2.9-0.4 0.48-0.05 7 8+t
1207.0 16-2 0.51+0.02 7 6+
2169.4 389.1 112 9" 7t
732.9 0.8:0.2 9" 10°
2603.2 433.8 6.20.7 0.86-0.04 11 9+
3066.4 463.2 2804 1.14+0.09 13 11*
3557.5 491.1 140.2 (15°) 13*
4064.3 (507 0.6+0.2 (17) (15)
Band 7,a=0
1329.6 1051.8 550.9 4t 47
1601.4 271.6 020.1 6" 4+
1028.1 2.80.6 0.51-0.02 6 6"
1954.1 352.8 1203 1.00:0.01 8" 6"
990.8 4.4-05 0.6-0.1 8" 8+t
2372.7 418.7 120.2 1.0£0.1 10° 8+
935.3 1.3:0.3 0.9-0.3 10" 10°
2826.7 454.0 180.2 1.1+0.2 12" 10"
3307.2 480.5 110.2 1.10.2 14 12*
3833.2 526.0 0.80.2 (16") 14*
Band 8,a=0
1408.9 1131.3 250.8 1.1+0.2 4t 47
1669.0 260.4 040.2 6" 4+
1095.8 27205 0.76-0.06 6 6"
2009.3 340.4 160.3 8" 6"
1046.0 8.10.9 0.97+0.07 8" 8+t
2412.3 403.1 160.3 1.10.2 10° 8+
974.8 0.9-0.2 0.9-0.1 10" 10°
2859.1 446.8 120.2 (12) 10"
3333.3 474’ 1.0+0.5 (14%) (129)
2859.1 (511 0.6+0.3 (16") (149)
Band 8,a=1
1528.9 955.2 150.6 0.92+0.09 5 6"
1251.3 4.30.9 0.7:0.1 5 4+
1835.0 306.1 070.4 7 5%
871.8 7.200.8 0.55-0.03 7 8+
1261f 2.2+05 0.67:0.08 7 6"
Band 9,a=0
1292.4 1014.7 a2 1.2+0.2 4t 4*
1521.2 (228.2 0.5+0.2 6+ 4"
948.0 4.4-0.6 6" 6"
1243.6 4.6:0.9 1.1+0.3 6+ 4
1803.4 281.8 1805 8" 6"
840.1 10-1 1.0+0.1 8 8+
1230.3 6.3:0.9 1.3£0.1 8" 6"
2135.2 331.9 150.4 0.9+0.1 10 8+
697.8 3.4:0.6 0.84:0.04 10 10°
1172.3 1.80.5 1.0-0.2 10 8+
2523.9 389.2 1.80.2 0.88:0.04 12 10°
540.6 2.9-0.5 0.88-0.04 12 12*
1086.8 3.205 1.10.1 124 10°
2986.3 462.4 1.80.3 0.9:0.1 14 12*
1003.3 42205 14 12*
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TABLE I. (Continued.

E, (keV) @ E, (keV)® rete A @ DCO |7 I7e
3546.9 560.6 0805 16" 14*
966.9 1.6:0.2 0.8-0.1 16" 14*
4206.3 659.4 0.30.2 (18") 16"
1012.4 0.6:0.2 (18") 16"
Band 10,a=0
1573.3 1295.7 480.6 4 4+
1793.8 220.5 0.80.3 0.9-0.1 6~ 4-
132.9 0.70.2 6" 5
1220.2 31 1.2+0.3 6" 6"
2097.1 303.3 3206 1.11-0.06 8 6~
334.4 <05 8 6
1133.6 2.200.3 8 8"
2478.1 381.0 150.3 1.03-0.09 10 8-
2927.5 449.4 1.680.2 1.0:0.2 12 10~
3438.1 510.6 0.80.3 (14) 127
4013.7 574 <05 (16) (147)
Band 11,a=1
1510.4 1232.8 160.7 0.7:0.1 5" 4+
1712.4 1139.1 480.6 0.59-0.07 7 6"
2005.3 292.9 0.60.2 9- 7
1042.1 10.30.9 0.61-0.04 9 8"
2387.9 382.6 0.80.2 1T 9-
950.5 6.3:0.6 0.55-0.03 1T 10"
2855.4 467.5 0.80.2 1.0:0.1 13 11°
872.3 2.1:0.3 0.55-0.03 13 12+
34015 546.1 1605 15 13~
821.4 1.9-0.3 0.6-0.1 15 14+
4017.5 616.0 0.60.3 (17) 15
822f <0.3 (17) 16"
Other transitions
2460.4 1023.0 080.2 1.0:0.2 100 10"
2938.4 478.0 0.80.1 1.1-0.4 1) 100
955.3 0.5-0.2 1.1£0.2 127) 12*

3 evel energies; bandhead excitation energies have been taken from previouisl@jork

by-ray energies taken from 40 MeV data set. Accurate to 0.2 keV for most transitions. For weak or contaminated transitions, accurate to 0.5
keV.

‘Relative y-ray intensitie 1 ,(295.7=300] measured in the 40 MeV data set.

9Branching ration =1 Al —=1=2)1 (I—1-1) measured from spectra corresponding to gates abovd spin

®Spin and parity assignments are based on the previous M@8ikand on the assumption that the character of the new transitions within
bands continues being stretchgéd in nature.

fAccurate to within 1 keV.

tions in thea= 0 signature of band 4 have been identified for
r]ihe first time in this study, as well as one transition in the
a=1 signature of band 5. A sample spectrum for band 4 is

The present study extends this band to (24j an excitation
energy of 5.08 MeV. A spectrum of this band can be seen i
Fig. 4 panelb). Walkeret al.[13] identified the bandhead to shown in Fig. 40).

be K=4 with a lifetime of 370-15 ns.
h Bands 6 and 7These two bands are based upon the 1146
Band 3 This strongly coupled band has only 20% of the keV 2" state and have been identified by Rie%ingmal.

intensity of band 2. The present study has extendedathe [14] through Coulomb excitation ag-vibrational bands.
=1 signature by £ and thea=0 signature by # over the  aqgitions to these bands were made by Walkeal.[13]. In
previous work13]. The =1 signature feeds strongly to the he present study, a 389 key/ray has been added to band 6
positive parity yrast band, by dipole radiation to the"10 gt the 9 level, moving the 434 ke ray to the 11 level,
level and below. and building the sequence to a tentative Iigvel. Although

Bands 4 and 5This study confirms the assignment of the 389 keV transition is a very strongray transition in the
spins and transition energies made to these two bands Wjtast band, the 733 keV'9—-10" transition establishes the
Walker et al. [13]. In addition, in-band stretchel2 transi-  energy of the 9 level in band 6.
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FIG. 3. DCO ratios as a function gf-ray energy for transitions
in 7%b.

Band 8 In the previous stud13], only two in-band tran-

sitions were observed, but feeding to the yrast band made
possible to determine the parity of the band. The previousf
known transitions have been confirmed, and both new tra
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FIG. 4. Spectra for selected bands8fvb. (a) Band 1: transi-
tions in coincidence with the 615 keV transitidb) Band 2: a gate
on the 341 keV transition(c) Band 4: a mathematical AND be-
tween gates on the 207 and 338 ke¢Vays.(d) shows the new band
(band 10 with a gate on the 381 keV transition. In paitd], tran-
sitions marked by a filledv are in an unplaced band of rays
coincident with the 381 keV gate and the filléd denotes ground-
state bandy rays.

sitions and new states have been added to this band extend-
ing it from spin 1@ to a tentative spin of 6.

Band 9 Band 9 decays predominantly to the positive par-
ity yrast band, see Fig. 2 and Table I. The in-band stretched
E2 y rays have been identified for the first time, and the
band has been extended from the tentati¥e (12)" level
to anl™=(18") level.

Band 10 This new band consists of six stretchHe# tran-
sitions and feeds the positive parity yrast band at thes4 ,
and 8" levels and the negative parity band 3 at the &nd
6~ levels. Spins were assigned to this band by the DCO
measurements. Negative parity has been assigned based
upon the 334 ke\AI =2 transition from band 10 to the ®
state in band 3. A sample spectrum for this band can be seen
in panel(d) of Fig. 4.

Band 11 Eight levels in this band were reported
[13] (with the states of spins 1 and 3 being tentative
and no in-bandy ray was included apart from a tentative
154 — 134 transition. In addition, parities of the spikSnd
11% states were interpreted as negative and the band was
assigned = (1) [13]. The present study adds four in-band
rays, as well as three other nemwrays which feed the yrast
Rand from the three highest levels in band 11. Parities of the
ptates in this band were assigned based on the previous parity
r@ssignmentﬁlS] and the stretchel?2 nature of the in-band
v rays.

Other transitions Three transitions establishing two new
levels at excitation energies of 2.460 and 2.938 MeV in
170%vp have been found. These levels have not been identified
with any other band in this nucleus, but they feed the posi-
tive parity yrast band at the 10and 12 levels via transi-
tions of energies 1023 and 955 keV, see Fig. 1.

B. Results for "tYb

The nucleus'’*Yb has been studied extensively by radio-
active decay oft"iLu [15-17 and by @,t) and (d,p) reac-
tions[18] making the low-energy levels of this nucleus well
known. The reactiont’%Er(«,3n) at 26—34 MeV was used
by Lindblad et al. [19] in a fusion evaporation experiment
revealing high-spin states|€3’) built upon these well
known low-lying states. This latter study has identified four
rotational bands based upon {683]% *, [521]3 ~, [512]5
and tentativg505]5 ~ Nilsson state§19]. The present study
has confirmed and extended the previously published level
scheme identifying 110 new rays and 4 new bands. The
level scheme formed in the present work is shown in Fig. 5.
Three additional low-energy rays (<56 keV) not shown in
our level scheme were established by Lindbkitdal. [19]
fixing the bandhead excitation energies of bands 1 and 3.
Table Il contains information from the present measurement
on b including y-ray energies, relative intensities,
branching ratios, DCO ratios, initial and final spins. The
spins have been assignéat confirmed using the DCO ra-
tios along with previously published information. A plot of
the DCO ratios as a function gf-ray energy is given in Fig.

6.

Band 1 Band 1 is the positive parity band based upon the
[633]2* Nilsson state. A spectrum of this band is shown in
Fig. 7(a). This band was previously identified to sp#
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FIG. 5. Level scheme fot"*Yb.

[19] and has been extended to a spin &f)¢ in the present Bands 7 and 8Two new very weakly populatedl {
study. <3% band 1] structures which decay to band 1 have been

Band 2 Band 2 is the band based upon {B&1]3 ~ Nils- observed. The spin and parity assignments given are tenta-
son state. A spectrum of the favored signature in this band ive.

shown in Fig. Tb). The unfavored signature is shown by the
spectrum in Fig. ). This band was previously identified up ll. PROJECTED SHELL MODEL

: : 5 25 21 i

8 e son o6 110 T £ arat 125 e shl masd] (60 b a hll moc

o _ ' o . o P a%proach starting from the deformg2il] single-particle ba-
(¥)%. This band exhibits large signature splitting. THe  sjs. Its advantage over the conventional shell model is that
state in band 2 comes within 70 keV of tfestate in band 3.  the important nuclear correlations, especially for a strongly
These two states interact and cross transitions between thgformed system, are easily taken into account in a manage-
two bands are observed of energies 612 and 591 keV, semle configuration space, thus making it possible to treat the
Fig. 5. heavy systems within the shell model framework. We will

Band 3 This band is based upon ti612]5~ Nilsson  not explain the details of the model here; the interested

state. A spectrum of this band is shown in Figd)7Band 3  reader can learn the model from the review artjel¢ Re-

has been confirmed up to the previously known levefof cently, the model has been used to give a possible explana-
[19] and extended to a spin éf# and tentatively to?%.  tion for the problem of the anomalous crossing frequency in
Unlike the previous two bands discussed, this band shows n@ie odd-proton rare-earth nuclgl2] and detailed compari-
signature splitting, and it decays at every level between spinsons were made with®b [8], *°Ta [9], ""Ta[10], and

| =% and 3 by aAl=1 transition to band 1. 175Ta [11]. Thus the model space and the corresponding
Band 4 Previously this band was tentatively suggested aHamiltonian used for this mass region are well justified.
being based upon tH&05]% ~ Nilsson statd19]. We, how- The calculation starts with the ansatz for the angular mo-

ever, prefer an alternative assignment to this band. This imentum projected wave function given by
discussed further in Sec. V. A spectrum for this sequence is
shown in Fig. 83). This band was previously identified up to

the Z level[19]. The current study has extended this band to [IM)= 2 fK|5|M|<K|sDK>, D
(£)#. Several new transitions linking this structure to band
1 have been identified. where k labels the basis states. Acting on an intrinsic state

f Izagdr? d52ar11_<:] BTWS rrlzw bandsr ?a\é)e b?e: ?brserv?fintrr\aﬁ ), the operatoP}, [23] generates states of good angular
eed ba - 'Nese bands appear 1o be signature partners, mentum, thus restoring the necessary rotational symmetry

discussed below, but connectindl transitions were not . . . ;
’ J X .. .violated in the deformed mean field. The basis sthte$ are
observed. A structure similar to band 6 has been identified "%panned by the set

1734f [20], an isotone of*"*Yb. A transition linking band 6
directly to band 1 has been found. Sample spectra for bands + ot ot ot ot
5 and 6 can be found in Fig(i8 and §c), respectively. {“n||¢>'anianj“n||¢>'“pi“pj“n||¢>} 2
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TABLE II. Data for *"*Yb.
E, (keV) 3 E, (keV)® rete A4 DCO Ime I7e
Band 1,a = +3
168.0 72.8 893 2+ I+
369.3 201.4 1287 1.4+0.1 1.04+0.04 B+ o+
110.0 92+ 5 0.33:0.01 B+ U+
648.6 279.2 396 7 2.4+0.2 1.05-0.02 i+ B+
147.0 16013 0.39-0.01 i+ B+
1005.2 356.6 500 440.5 0.94-0.02 4+ i+
178.8 11411 0.37:0.01 4+ 19+
1436.3 431.1 2715 6.1+0.3 0.96+0.03 L+ L+
201.7 452 25+ 2+
1938.6 502.3 1763 12+1 0.99+0.02 2+ L+
213.8 14.30.9 29+ 2+
2509.5 570.9 782 0.95+0.07 3B+ 2+
3147.0 637.5 191 1.0+0.1 3+ 33+
38485 701.5 4%0.6 (4+) 37+
4612.6 764.1 <1 (45 alvy
Band 1,a = —3
259.3 164.1 9710 1.0:0.1 1.20:0.06 i+ I+
91.6 1039 0.38-0.01 U+ 2+
501.7 242.3 2817 2.2+0.2 0.98-0.02 L+ U
132.7 12712 0.41:0.01 L+ 13+
826.5 324.8 4886 3.5+0.4 1.03-0.02 D+ B+
177.9 142:13 0.33+0.02 9+ i+
1234.7 408.2 3965 4.7+0.1 0.97-0.02 &+ o+
229.5 83.5-0.7 0.32-0.01 L+ 2+
1724.9 490.2 2054 6.8+0.4 0.95-0.03 o+ Z+
288.5 30:2 0.29+0.02 2+ L+
2294.3 569.4 923 9+2 0.99+0.09 3+ 2+
355.6 102 &+ 2+
2939.5 645.2 252 0.99+0.06 35+ 3+
3656.9 717.4 6.£0.9 1.2¢£0.2 P+ B+
4442.9 786.0 <1 (424 39+
Band 2, = +3
76.1 76.1 5- 1-
247.1 171.0 12713 1.16+0.02 2- 5-
509.8 262.7 3627 13- 9-
860.5 350.7 3415 1.04+0.02 i- -
1294.8 434.3 2424 1.00+0.02 a- i-
1807.8 513.0 1383 1.05+0.03 5 -
2393.0 585.2 54 2 1.01x0.07 2- L-
3059.0 666.0 1140.9 0.9-0.3 8- -
612.1 31 33~ 29-
37725 7135 2.30.6 (2 33-
Band 2,a = —3
67.2 67.2 3- 1=
231.3 164.2 4% 6 2.3+0.5 1.17:0.02 - 3-
155.1 172 1.05+0.02 - 5-
488.0 256.7 1865 5.8+0.4 a- I-
240.9 312 0.84-0.06 u- 2-
833.7 345.7 1744 6.7+0.8 1.07-0.02 B u-
323.9 26-3 0.74-0.02 L- 8-
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TABLE Il. (Continued.
E, (keV) 3 E, (keV)® rete A4 DCO Ime I7e
1264.1 430.6 1384 13+1 0.97+0.03 - -
403.4 10.90.9 0.87-0.06 - i-
1774.6 510.6 8a3 16+3 0.95+ 0.04 8- -
479.7 5.6-0.9 23— z-
2360.2 585.6 3B2 1.01+0.07 a- z-
3015.5 655.3 8.30.3 1.2£0.2 - -
3747.1 731.6 140.6 35y -
Band 3,a = +3
317.6 195.2 527 1.0+0.2 8- 8-
109.5 53-6 0.44+0.01 2 I-
604.7 287.0 634 0.96+0.05 8- 9
154.9 45-5 1.5+0.2 0.46+0.02 - u-
3454 "2 0.63+0.08 - i+
976.7 371.9 108 4 0.94+0.04 - -
196.1 30:3 3.3:0.4 - is-
475.3 82 ir- 15+
1421.8 4450 863 1.07+0.08 - i-
231.0 172 4.8+0.5 0.39-0.04 a- -
595.5 142 z- 19+
1920.0 498.2 512 1.0+0.1 & -
254.8 81 6.1+0.8 0.4-0.1 5 -
685.2 172 0.53+0.07 2- B+
2446.9 527.7 242 0.9+0.1 2- &
267.6 3.3:0.9 7+2 29- 27~
722.8 13:2 29- 2+
2984.1 537.2 &2 1.1+0.1 8- 2-
690.2 6-1 0.6+0.1 8- 31+
591.0 5.0-:0.6 0.9-0.3 3- -
3567.9 583.8 61 1.1+0.2 3- 33-
628.2 0.8-0.5 - 35+
4198.4 630 <1 - 3r-
4880.5 682 F <1 45-) (4-)
Band 3,0 = — 3
208.1 86.1 1- 5-
450.0 241.9 5% 6 1.1+0.2 a- I-
132.5 484 0.42+0.01 a- 2-
780.6 330.5 96: 4 1.06+0.04 - a-
176.1 46-2 2.1+0.1 0.48-0.02 - -
411.4 82 15— 13+
1190.7 410.0 954 1.05+0.05 - -
214.1 25-2 3.8:0.3 0.42:0.02 - i-
542.2 g2 0.56+0.08 - i+
1665.2 474.4 763 1.07+0.07 & -
243.4 15-2 4.6+0.5 - 2-
660.1 142 0.7+0.3 z- 2+
2180.1 514.9 422 0.98+0.06 - Z-
260.1 4.8-0.9 9+2 0.7+0.1 Z- -
744.3 10-2 2~ 5+
2717.3 537.2 262 1.1+0.4 - -
269.6 1.6:0.5 12+4 - 29-
779.3 1 0.6+0.1 - L+
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TABLE Il. (Continued.
E, (keV) 2 E, (keV)® rete A DCO e I7e
3282.0 564.7 122 1.0+0.1 - 8-
773.0 2.3:0.6 0.6:0.1 - 33+
3882.8 600.8 530.9 (2 35-
736.3 0.9-0.3 (2 g+
4528.0 645 <05 (2 (2
(680 <05 (59 (49
Band 4,a = — 3
1114.4 745.2 132 15+ 13+
133.2 576 0.48+0.02 o+ i3+
1436.9 3225 344 1.07£0.07 L+ 15+
171.0 495 0.7+0.1 0.33:0.02 2 ¥
788.3 6-1 19+ i+
1835.1 398.1 41 4 1.8+0.3 0.97-0.06 L+ o+
208.7 22:2 0.26+0.02 L+ 2+
2306.6 471.4 354 4.4+0.8 1.0:0.1 2+ L+
246.5 8-1 0.44+0.06 2+ 25+
2846.7 540.1 172 7+2 1.00.2 3+ 2+
279.1 2.5:0.7 i+ 29+
3448.6 601.9 &1 (3 &+
4103.6 655.0 0.80.3 (2 (24
4812.6 709.0 050.3 (42_3+) (%+)
Band 4,a = +3
981.2 479.3 61 1.0+ 0.1 1+ 5+
612.1 20-2 13+ 13+
721.8 515 0.6+ 0.1 B+ A+
1266.2 284.9 223 i+ 13+
152.1 475 0.46+0.07 0.34:0.02 i+ 15+
764.5 g+2 i+ 15+
1626.5 360.3 364 1.1+0.1 4+ i+
189.6 28-3 1.3+0.2 0.33-0.03 2+ 9+
800.2 gr2 Z+ 19+
2060.2 433.7 263 0.9+0.1 L+ 2+
224.9 8-1 3.2+0.6 0.34-0.03 L+ L+
825.6 15-2 25+ 23+
2566.8 506.6 192 5.1+0.2 1.0:0.2 2+ S+
260.1 3.8:0.6 29+ 2+
3142.4 575.6 a2 7+3 (24 29+
297.1 1.2-0.4 (2 &+
3778.8 636.4 1.80.6 (32_7+) (%W
4467.9 689 f <05 (4 (Z+)
Band 5,& = —3
1614.7 754.2 162 0.63+0.06 19(+) i-
1986.4 371.7 g2 0.8£0.1 2+ 19(+)
691.6 24-3 0.49+0.04 Z(+) -
2428.8 442.4 132 1.04-0.04 Z(+) B(+)
620.9 15-2 0.55+0.05 2Z(+) -
2944.8 516.1 162 1.3+0.2 3(+) ZI(+)
551.7 5-1 () 29-
3538.5 593.7 41 (34 ()
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TABLE Il. (Continued.

E, (keV) 2 E, (keV)® et A DCO I7e I7e
Band 6,a = +3
1517.7 684.1 72 0.7+0.1 ey -
869.1 5-2 1) 17+
1885.4 367.7 71 1.0+0.2 2H(+) s
621.2 G2 Z(+) 19-
2319.2 433.9 143 (2 Z(+)
544.4 61 (2 23—
2821.3 502.1 112 (§+) (%+)
461.0 <05 (2 2~
3390.3 569.0 &1 (24 (2
Band 7,a=+3
1665.2 839.1 122 (&) 19+
2087.0 422.0 71 0.8+0.1 (%) (2
853.0 82 0.67£0.02 (£ 23+
2596.0 509.0 &2 0.8+0.1 (24 (2
Band 8,0 = — 3
1656.8 651.7 112 1.0+0.1 (L 2+
830.2 12-2 (2 19+
2070.0 413.2 72 (&4 (L2
634.0 82 (24 Z+
835.2 G2 0.9+0.2 D) 2+
2579.0 508.4 92 (24 (24
639.8 4.8-0.9 1.0:0.3 (2 29+
Unassigned transitions
1773.7 768.5 51 0.8+0.3 2(+) 2+
2334.7 898.4 a1 0.9+0.2 27(+) 2+
2359.2 922.9 150.3 (2 25+

3 evel energies; bandhead excitation energies have been taken from previougl @jork

PAccurate to 0.2 keV for most transitions. For weak or contaminated transitions, accurate to 0.5 keV.

‘Relative y-ray intensities | ,(356.6=500] measured predominantly in the 35 MeV data set. Intensity informatiory foays at higher
excitation has been supplemented with the 40 MeV data set.

dBranching ration =1 Al—=1=2)/1 (I—1-1) measured from spectra corresponding to gates abovd spin

€Spin and parity assignments are based on the previous M&ikand on the assumption that the character of the new transitions within
bands continues being stretchgd in nature.

fAccurate to within 1 keV.

for odd-neutron nuclei. The quasiparticle vacuum|ds,  follows: the quadrupole interaction strengghis adjusted so
which has number parity even ang, (o) is the quasipar- that the known quadrupole deformatiep from the Hartree-
ticle annihilation(creation operator for this vacuum. In the Fock-Bogoliubov self-consistent procedi@#] is obtained.
calculation, we have allowed active particles from three malt turns out that for'"*Yb &, = 0.265. The monopole pairing
jor shells: i.e.N = 4,5, and 6 N = 3, 4, and 5for neutrons ~ strength G, is adjusted to the known energy gaBy
(protong as the configuration space. This is a shell model={20.12+ 13.13(N-Z)/A]}A™", with the minus (plus)
space far beyond that which a spherical shell model cagign for neutrongprotons. The quadrupole pairing strength

handle. Gq, is assumed to be proportional &, and the proportional
The following Hamiltonian4]: constant is fixed to be 0.18 in the present work. These
strengths are consistent with those used in previous works
~ o~ 1 At a ~ o At a [4].
H=Ho— EX% QuQu=GmP'P— GQ% P.Pu 3 The weightsf . in Eq. (1) are determined by diagonalizing

the HamiltonianH in the basis given by Eq2). This will
has been used. The interaction strengths are determined laad to the eigenvalue equatidior a given spinl)
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Following the basic philosophy of shell model that the same
Hamiltonian should describe all the nuclear states in a given
nucleus', all the theor(_atical b_ands di_scu§sed in thi§ paper will £ 7. coincidence spectra for bands 1, 2, and ¥#b. Band
be (_)btf':u_ned by one 5_'”9|e diagonalization. Th_ere IS NO ro0M is shown in panela) by a sum of coincidence gates set around the
for individually adjusting parameters for certain states. 637 and 645 keV transitions from the 40 MeV data set. This spec-
We would like to emphasize that solving the eigenvaluéirum has been multiplied by a factor of 3 above 690 keV. Whe
equation(4) is a process of mixing states with the same andmarks intense transitions from the bottom of tHérb yrast band.
differentK’s by the residual interactions. Therefore, our final Panelsb) and(c) show band 2 with gates on the 666 and 655 keV
states do notand should nothaveK as a good quantum transitions for thea=+3 and o= — 3 signatures, respectively. A
number in a strict sense. Nevertheless, when the level densigample spectrum from band 3 is shown in paialwith a gate on
is not very high and the mixing is not very strong, as it is inthe 498 keV transition. The transitions marked with a box are con-
the case of the low spin and near yrast region, a final state i@minants from band 1. Panéls), (c), and(d) are from the 35 MeV
usually dominated by one intrinsi¢ state. In this situation, data set.
we can keep using those intrinsic quantum numbers to label
the final state. to highlight differences between the positive and negative
Finally, we comment on the possibility of describing the parity bands. For example, the negative parity bands all have
other collective modes within the framework of PSM. As a flat or downward trajectory at low rotational frequencies,
discussed above, the projected basis is constructed fromkuwt the positive parity bands tend to have a sharp upward
fixed set of quasiparticle states of BCS condensate. In thitfajectory at low rotational frequencyf ()?~0.05 Me\£.
sense, the PSM is an angular momentum projected Tamni-his is one factor that supports our negative parity assign-
Dancoff approximation. In principle, all the collective ment for band 10. This type of comparison shows that band
modes, for exampled- and y-vibration bands, could show 11 also has similar behavior to the other negative parity
up from the calculation if the projected basis is sufficientlystates, giving us confidence in its parity assignment. Further
large in which all the possible configurations are mixed. Indiscussion of band assignments is continued below.
practice, however, calculations are usually done in a small
size of basiqtypical dimension 5p[4]. Therefore, such vi- A. Band assignments

brational modes cannot be as easily obtained within PSM as ] ) ] ) ]
in a theory with ground state correlations, such as the ran- A detailed discussion of the two-quasiparti€eQP) con-

dom phase approximatidi25]. figurations based upon two-quasiparticle-plus-rotor calcula-
tions for the bands int"%b can be found in the paper by

Walker et al. [13]. Some further discussion of quasiparticle
configurations was made by Goel and J&6], again using

The kinematic moments of inertia for the bands'ilyb  the two-quasiparticle-plus-rotor model, in a comparison of
have been plotted as a function of the square of the rotationaialculated and experimentally observed bandhead energies.
frequency in Fig. 9, with the bands grouped according toGoel and Jain examined the couplings betweeni thgand
parity. The bands have been grouped in this manner in ordér,,, neutrons, of which only two combinations have been

Energy (keV)

IV. DISCUSSION OF "%
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spectra shown here are from the 35 MeV data set. for bands in*"%b and *"?b are plotted as a function of the square

of the rotational frequency.

observed experimentally, namelf633]; ®[521]3 yielding

K7™=3",4". We compare the alignments of the 2QP bangdvhich the experimental data and two-quasiparticle-plus-
in the even-even nucleu¥®vb, to the sum of the single gp rotor-model calculation bandhead energies differ by 6.6 keV

alignments found in the neighboring odd particle nuf&] [26]. Walker et al. [13] propose the same assignment. The
in our configuration assignments. For the odd-particle nucleialignments of the suggested[633];®[521];) band 3 are
17vh was used for single quasineutron states aftrm  given in Table lIl. The agreement here between the observed
[28] was used for single quasiproton states. A list of theband 3 and suggested single quasiparticle configurations is
observed alignment for the bands #vb and comparison still satisfactory. In addition, the lack of avi;3,)? band
using additivity with their suggested quasiparticle configura-crossing in the kinematic moment of inerti&ig. 9 plot
tions can be found in Table Ill and is discussed below. Ingives additional support to this configuration, since #hgy,
addition to using the comparisons of alignments in the conerbital is again blocked. As in the case of band 2, we also see
figuration assignments, transition strength ratios have beemgreement between the calculated transition strength ratio
used when applicable. and the experimental data as discussed in Sec. VI B.

Band 1 This is the ground-state band % b. Band 4 Band 4 is proposefil3] as being based on the
Band 2 The two previous publicationis3,26 suggest a  7([523]Z©[404]3) Nilsson states. This configuration
parallel coupling between the([633]Z®[521]3) Nilsson seems quite reasonable within our framework of comparison
states K=4) for band 2 based upon two-quasiparticle-plus-as seen in Table Ill. Again, theoretical transition strength
rotor calculations. Support for this configuration lies in theratios can be used to aid in confirming the configuration

fact that the signature splitting at higher frequencies is simiassignmentsee Sec. VI B

lar to that seen i[633]Z band in 1"*Yb (see section on Band 5 This weakly populated band has been previously

"yp). Other evidence in support of this configuration is theassigned 13] the configuration ofy([633]Z®[512]%). Our

lack of the (vi13,)® quasiparticle alignment dtw=0.3 MeV  comparison of alignments shows this configuration to be rea-

tsrl1nce Echlsl is %'00ked-_ Wetallsto Se_ft{ agfetemem bff['_fween_t%nable. In addition, this band behaves very similarly to the

eoretical and experimental transition strength ratios usin 7 5 . L 17 :

the proposed configuration as discussed in Sec. VI B. Takin%([%s]2 ®[512]3) configuration in*"*Yb (seg Fig. 9 .

172yp for comparisor{29], where band 2 was also assigned Bands 6 a_nd_.?These ba_nds have be(_en |n_vest|gated via
Coulomb excitation and attributed to thevibrational mode

the configurationv([ 633]5®[521]3), we see from the kine- a5 discussed by Riedinger al. [14]. Their small alignments,

matic moment of inertia plotgFig. 9) that these band®and  as listed in Table IIl, at low spins are consistent with this
2) in both nuclei act in a similar manner. assignment.

Band 3 This band is suggested as an antiparallel coupling These bands are very similar in nature to band 8. We
between thev([633]5®[521]3) Nilsson states K=3) in  suggest that at higher frequencies, as usually happens, the
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TABLE lII. Alignment in two-quasiparticle bands fol’°vb from experiment and using additivity from
neighboring odd mass nuclei.

Additivity 1% expt.
Band K™ Configuratiorf iy (h)° iy (h)°
2 4 (6333 ®[521]%) 2.94 2.02
3 3 u[633]5 ®[521]%) 2.08 1.7F
4 7" m([523]% ®[404]%) 1.32 1.35
5 6 1[633]2 ®[512]3) 2.43 2.20
6 2+ yvib+ ([512)3 ®[521]%) 0.36 0.2
7 2" yvib+ p([5128] ®[521]2) 0.36 0.24
8 (3)" u[512)3 ®[521]3) 1.23 0.58
9 o* B-vib + S-band 4.06 0.83
10 (1) Oct vib+ »([633]5 ®[523]3) 3.66 1.37
11 (1) Oct vib+ »([633%] ®[523]2) 2.96 2.78

4 Nilsson states taken frofYb, 7,=36.9%2 MeV !, 7,=69 %% MeV~3; 7 Nilsson states taken from
189Tm, J7,=35.9%42 MeV ™1, 7,=704% MeV 3.

b% =0.10 MeV.

Alignment extrapolated back tho = 0.10 MeV.

dUnable to extrapolate alignment backite = 0.10 MeV.

character of the vibrational band becomes mixed with 2QRK =0 B-vibrational band is known to lie a1 MeV in the
states. Based on the similarities to band 8 shown in the meeven-everA=166—172 Yb nuclei and, thus, may constitute
ment of inertia plot, we suggest the rotational band at highethe dominant character of band 9 at low spin. The alignment
frequencies involves a coupling of the[512]3®[521]%) gain shows 'ghe gzradual mixing with the low-spin members of
Nilsson states. The early back bendifsge Fig. 9 of these the neutron i3,,)” band, as proposed by Walket al. [13].

two bands may then be attributed to the alignment of the firs ery similar behavior is observed itf*Yb, as shown in Fig.

pair of i 13, neutrons. The lower frequency of this alignment ™ : : _
in bands 6 and 7 as compared with the ground-state band, SRS E:r?g Sllloir? r;%;'i%i-g:]etop rti\gomuza?ssjgggsn:f 413 |[013}

Fig. 9, may then be understood in terms of the reduction inj¢ \ha 3- statel31] suagests that this is an octupole vibra-
the pairing gap due to the blocking eff¢80] caused by the {5, hased on t%e]érou?\%—state babdnd 1. Furtherr)more, a
sizable 2QP c;haracter of the bands _ﬁmzo.z MeV. .. measurement of the alignment, as evidenced by the moment
Band 8 This band has been previously assigned positivef jnertia plot Fig. 9, shows very constant and flat alignment
parity without aK value assignmer{tL3]. Its decay charac- for band 11,~3# higher than the ground-state band. Band
teristics imply (Fig. 2 K<4. Inspection of'’?b reveals a 10 is suggested to be based on the unfavored octupole vibra-
K7™=3" rotational band built upon a mixture of the tional state. The energies and parities of the levels in this

v([512]3®[521]%) and 7([411]% ®[404]%) Nilsson states band have been firr_nIy assigned Fhrough its interactions with
[13]. Band 8 is possibly the analogous™=3" state in bands 1 and 3 _Wlth t_hesge assignments, bands 10 and 11
170vh, This seems reasonable from comparing the kinematig"OW large splitting which is common between the favored
moment of inertia plots of7%b and 2rb (Fig. 9). In this gand unfavored octupolg-wbratlor!al bands. This same behav-
figure, band 8 has very small initial moment of inertia in lor o_f octui)?ole ba_nds is shown in a plot of the moment of
. L . inertia for 172vb, Fig. 9 bands 10 and 11.
both nuclei as well as similar structure, with respect to the
ground-state band in each nucleus. The similarities in the
structure of these two bands in addition to the comparisons

of moments of inertia lead us to assign a configuration of A. Configuration assignments and theoretical comparisons

v([512)3®[521]3) to this band. Bands 6, 7, and 8 #A°b, A plot of the excitation energy minus a rigid-rotor refer-

are therefore expected to behave in a similar manner and thighce is shown in Fig. 10 for the experimental data. The

is indeed the case, as seen in Fig. 9. The early strong aligiadigned angular momentunfexperiment and theoyyhas

ment ath »?~0.053 Me\? for band 8 can thus be explained been plotted as a function of rotational frequency for the

using the same blocking arguments put forth for bands 6 antdands in1’*Yb using reference Harris parametefs=35.8

7. 72 MeV~! and 7;=70 4% MeV~2 in Fig. 11. These Harris
Band 9 In Fig. 9, this band displays a sharp rise in mo- parameters were chosen following the ground-state band ref-

ment of inertia(or alignment at low rotational frequency. erence prescription of Bengtsson and Frauend@if,32.

This alignment increase can be understood as a change in tlnfiguration assignments for the bands'fiYb are sum-

character of the band from vibrational to 2QP in nature. Themarized below.

V. DISCUSSION OF "yp
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FIG. 10. Excitation energyH;) minus a rigid-rotor reference as | | | * |
a function of angular momentum for the observed band¥ Hvb. T Y
The open and filled symbols differentiate between signatures of the
same Nilsson configuration. Spin (k)

. . . FIG. 12. Difference in excitation energy between PSM calcula-
Band 1 This has been previously assigned as[B@8]; (s and experimental data for bands'fiYb.

band[19].
Band 2 This has been previously assigned as[8&1]5 ~

band[19]. Bands 7 and. 8These weak structures are opserved to
Band 3 This has been previously assigned as[B12]3 decay to bqth §|gnatures of band 1. This behav[or and the
band[19]. fact that their alignment values are close to the alignment of

Band 4 This band has been previously given a tentative®@nd 1(see Fig. 11 indicate the involvement of ans,
assignment of505]% [19]. We suggest a 3QP configuration, N€utron in their intrinsic configuration together with other
as discussed in Sec. B. components which contribute essentially zero alignment.

Bands 5 and 60ur suggestion is that these new states ard N€s€ facts and the observation of low-lying-vibrational
associated with octupole-vibrational states built upon thet'Uctures in the neighboring nuclei suggests that bands 7 and
[521]% orbital (band 2. This assignment would be consistent 8 & possiblys-vibrational structures based upon band 1.
with: (i) the strong high-energy dipole transitiorfsost PSI\@ calculations havle been made for theslowest-energy
likely E1’s) which connect bands 5 and 6 to bandi®, the ~ ¥[633]z (band 3, »[521]; (band 2, and »[512]3 (band 3
alignment of bands 5 and 6 which 42— 2.54 higher than ~ configurations in*"*Yb. Rather impressive agreement is ob-
that of band 2(iii) the large signature splitting of bands 5 served between experiment and theory, particularly for bands
and 6 which is similar to that seen in band 2, éiwl the fact 1 and 2. In order to enhance the differences between the
that low-lying octupole bands are observed in neighboringXPerimental data and theoretical calculations, a plot of the
even-even nuclei. difference in experimental and theoretical excitation energy
is shown in Fig. 12. From these plots, it can be seen that
band 3 is calculated to have a slightly higher energy than is

ok T '_;B'an'd 1' ;AIB;ndISI .'Ba'nd'5| qlBaln<;7l 7 shown in the experimental data. At higher spins, bands 2 and
e0Band2 vvBand4 oBand6 «Band8 | 3 are very close together in the PSM where experiment
ol 1 1 shows them moving away from one another. However, one
| 1§ 1§ | should remember dt=20% we are discussing differences of
oL f 1 1 | ~200 keV in excitation energies of over4 MeV.
= i ~ | ot At low rotational frequencies#{w<0.2 MeV) excellent
= L ETD_D.D 1 A ‘.ofg | agreement in the alignment from experiment and theory is
D/D:_“%H\ e = observed. However, at high rotational frequenciésw (
e : AN [ o A".5]  >0.25 MeV), the agreement is not quite as good. The only
o F o T v/ T ./:3;;,‘ N band in the experimental data that goes through an obvious
[ o datloooo, T [ o amAtso” particle alignment is band 3 &tw~0.25 MeV. In the PSM
o o @Bt (o) Expt. = < ©Theory 1 calculations, th¢521]2 and[512]% bands(bands 2 and 3are
00 o7 0z 03 00 01 02 03 00 07 o0z 03 od shown to back bend dw=~0.3 MeV. The PSM thus pre-
o (MeV) o (MeV) feo (MeV) dicts a band crossing frequency that is slightly too high in

rotational frequency for band 3 and too small a gain in
FIG. 11. Aligned angular momentum as a function of rotational gligned angular momentum.
frequency for(a) the observed bands 1, 2, and 3 db@4, 5, 6, 7,
and 8 in"YYb. Panel(c) gives the results from the PSM calcula-
tions for bands 1, 2, and 3. The open and filled symbols differenti-
ate between signatures of the same Nilsson configuration. Harris Interactions can occur between states of the same parity
parameters useqi,=35.81%> MeV !, 7,=704i* MeV 3, and signature, and we have used the observation of such

B. Band interactions and perturbations
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FIG. 13. Alignment plot for band 2[521]3) and band 3 0‘[—_'@—956:4"—04—:0——’ o |
([512]3) in *"*Yb (Jy=35.8:% MeV ™1, 7,=70h* MeV~3), 17Hf L

(Jo=35%12 MeV ™1, 7;,=801* MeV~3) [20], and "W (J,= 2842 6 8
MeV ™1, 7,=1200* MeV~3) [34].

18
Spin(#)

perturbations in our experimental data to assist in the band FIG. 14. Comparison of experimental and theoretical transition

assignments. Int"YYb bands 2 and 3 interact at spir- %

with crossover transitions between both bands being ob2nd 4 in

strength ratiogusing the geometrical modgB6]) for bands 2, 3,
170y,

served. The interaction between bands shows up as a pertwi. FIRST i3, BAND CROSSING AND TRANSITION
bation in the excitation energy and the alignmérigs. 10

and 11. The excitation energy of the=+ 3 signatures of
bands 2 and 3 cross bt 15.5i. Above this point, band 3 is
pushed down a little in excitation energy. This results in a _ The first back bend in this region of nuclei is due to the
slight increase in the alignment of band 3, which can be seeflignment of a pair of 3, neutrons betweefiw = 0.25 and

as the separation of signatures of band 3 in the alignme

plot atZw~0.26 MeV. A simple two level mixing calcula-
tion for bands 2 and 3 dt=2 gives an interaction matrix

element of 25 keV. An interaction at the same spin for th

same configurations is also seen'ifiHf [20] with an inter-

action matrix element of 17 keV. A comprehensive study ofconfiguration involving thé, s/, neutron orbital. Band 3 back
other similar perturbations found in rare-earth nuclei hasends as expected at abeut=0.25 MeV. Band 2, however,
been compiled by Hagemarat al. [33].

Band 4 has been previously suggested tentatif/Edy to
have a configuration of505]% ~. This negative parity as- interaction of bands 2 and 3 in the back bending region to-
signment allows the possibility of interactions with bands 29ether with the fact that in the othbr=101 isotones there is
and 3. In the excitation energy pldFig. 10, band 4 is
shown to come within 7 keV of band 2 bt %. The lack of

any perturbation indicates that band 4 is more likely to be o
positive parity. We suggest a 3QP configuration of

v[[633]5®[512]53®[521]3) which translates inta/[(band
1a=+13) ® (band 2a=+3) ® (band 3a==*3)]. Addi-

tional support for this assignment comes from blocking ar-

STRENGTH RATIOS IN Y%bh AND "%yh

A. The first vi 3, band crossing

.3 MeV. An alignment plot is shown in Figs. 6 and
11(b) for the observed bands it'*Yb. Figure 11c) shows
the predictions of the PSM calculations. Since band 1 is the
[633]% band, this firsi 3, alignment is blocked. This block-

€ing argument also applies to band 4 where no back bend is

observedsee Fig. 1}, since we suggest that this band has a

shows no signs of back bending, a result in contrast to the
expectations of the PSM. This anomaly may result from the

a slight delay in the band crossing frequency of f521]3

band with respect to thE512]3 (see Fig. 12 However, the
elays in theN=101 isotones seem to be much smaller than
he delay found in*’*Yb. Further experimental work to ob-

serve band 2 to higher spin is necessary to resolve this ques-

tion.

B. Transition strength ratios

guments and the transition strength measurements and calcu- transition strength ratio§B(M1:1—1—1)/B(E2:I —I
lations discussed below.

TABLE IV. Parameters for theoreticd(M1)/B(E2) values

—2)] give clear indications about the quasiparticle content
of a rotational band and can thus aid in band identification.
Experimental measurements of the ratios of reduced transi-
tion probabilities for'’%b and 1"Yb will be compared with
a semiclassical35] version of Dmau’s geometrical model

for 17%b. [36], as described in Ref10], as well as with PSM predic-
: : tions. In the experimental measurements,EH2dV 1 mixing
Band Qo gr 01 Ky iy 92 Ky i ratio (8) is assumed to be small and therefore negligible.
2 76 041 -020 35 22 -023 05 1.0 ) _ ] _ 17
3 76 04l —020 35 29 —023 05 10 1. B(M1:1—=1—1)/B(E2:1 =1 —2) values in1%b
4 7.6 0.41 0.80 35 0.21 126 35 1.1 Experimental transition strength ratios have been mea-

sured for bands 2, 3, and(the strongly coupled bangd
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TABLE V. Parameters for theoretic®(M1)/B(E2) values forl’yb.

Band No. Qg gr J1 K1 i 92 K, iz Js3 Ks i3

[633]] 1 77 041 -018 35 22
Jf521]2 2 77 041 -023 05 0.1
5123 3 77 041 -024 25 048
3QPband 4 7.7 041 -018 35 22 -024 25 024 —-023 05 035

17%vph. The intrinsic electric quadrupole moment f6f°Yb that are reasonably close at low spin but which deviate at
has been tabulated by Rami8Y] asQ,=7.6eb. The core high spin. We attribute this difference to a lowering of the
g factor g is taken agr=Z/A=0.41. TheK values andy effective K value of the experimental band with increasing
factors used in the theoretical calculations have been aspin, as the band mixes with the other close lying 3QP bands.
signed in accordance with the band assignments discussédsmall and reasonable reduction of 2n the effectiveK
earlier. Using these band assignments, the single-partichéalue would bring the theoretical curve for band 4 shown in
alignments have been taken from the measured alignments b6fg. 15 to about 0.33 at high spins in close agreement with
the neighboring single particle nucl&°Tm (bands 2 and)3  experimental observations.

and 1"%Yb (band 4. These theoretical parameters are shown

T [ v v T T [ T T T T [ VvV v T [ 1T
in Table IV. < Band | ®™O Expt.
A graph of both experimental and theoretical transition < 04| PSM
strength ratios for bands 2, 3, and 4 6fYb are plotted in ~ “s
Fig. 14 as a function of spin. Bands 2 and 3 are both basec = "
upon the[633]Z and[521]% orbitals. Following the geometri- & o2k
cal model as discussed in Rg10] we thus expect thesetwo & ™
bands to have the same calculated transition strength ratios g L
As shown in Fig. 14, the calculat&®{M 1)/B(E2) ratios lie &
between band 2 and band 3 giving good agreement betwee 0.0 —+—+— —+—+—+—+—+—+—+—+F+——11—
experiment and the geometrical theory. For band 4 it is only<g - Expt. Geom |
possible to extract the transition strength ratios for three® 03 gﬁngg <A>A T S
states without introducing large errors>25%). Using the Ed - M AL A ) an 7
parameters in Table IV which correspond to the configura- 5 02 S A-—-A—A——A .
tion assigned to this band in Sec. IV A, we find that the £ A T e Cr R
theory agrees with the experimental value as shown in Fig.g 0.1} * .
14. s - .
E ook O—O0=—=0=—=0=—=0——— i
2. B(M1:1 =1 —1)/B(E2:1 —1—2) values in*%b e
Transition strength ratios for bands 1, 2, 3, and 4'tvb < ; Expt. Geom J
have been measured experimentally and are compared wit % 15[ \ Band4 wv ——- .
the theoretical PSM calculations as well asnao’s geo- ”:f r \ 1
metrical model[36]. The value ofQ, was determined by 5 ok N B
averaging the quadrupole moments from the neighboring & | Y i
even-even nuclet’%vb and "?b as tabulated by Raman £ C v\v\ T ]
[37]. As in 17%b, the value forgg=Z/A = 0.41 was taken. S osf \v\ ]
The values fomg;, wherej =1+ 3, were taken from Frauen- & B \v\\v*v:v—* ]
dorf [38]. The g; value forj=1-3 (i.e., the[521]3 band X Yy ]
was calculated using the magnetic moment found in Ref. 0.0 ——— e
[39]. These parameters are listed in Table V. The results for
the theoretical calculations &(M1)/B(E2) are shown in Spin (%)

Fig. 15 along with the experimentally measured values.

In Fig. 15 the sianature spliting of band 1 can be seen in G 15 Transition strength ratios for the bands'lAvb. The
9. g P 9 experimental data points are indicated with symbols and connected

the experlme_ntal data as a distinct separatlpn t_)etween th) solid lines and the theory is given by the lines indicated. The top
filled and unfilled symbols. The PSM calculation is close topanel shows the experimental ratios for 18833 band (band 1

the measured data and even has a comparable amount §fng with the projected shell model and geometrical model calcu-
signature splitting as the experimental data at higher spinsations. The PSM calculations have been made including the signa-
Only the unfavored signature is shown for band 2, sincyre splitting term. The middle panel shows experimental data of
there are no dipole transitions from the favored to the unfathe B(M1)/B(E2) ratios for the521]3 and[512]3 bands(bands 2
vored signature. The agreement between the theory and exnd 3 along with the geometrical model calculation. Similarly, the
periment is reasonable for band 3. Using the 3QP configurasottom panel shows the 3QP band 4 with the geometrical model
tion for band 4 results in theoretical transition strength ratiosstimate.
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VIl. CONCLUSION ever, with differences still remaining for certain configura-

The reaction'’%Er(a,4n) at 40 MeV was used to produce tions in the back bending region.

high-spin states of’%b and allowed an assignment of 67
new vy transitions and one new rotational structure to this
nucleus. The structures iA’%b have been described in  Special thanks to D. C. Radford, W. T. Milner, and H. Q.
terms of both quasiparticle and vibrational excitations. Jin for their wonderful software support. Thanks also to F. K.

High-spin states of'’’Yb were produced using the McGowan, N. R. Johnson, and R. Darlington for their mar-
1% r(a,3n) reaction at 35 MeV. This experiment allowed velous help with the targets. We would also like to thank Dr.
110 newvy rays and 4 new rotational band structures to bel. X. Saladin for his crucial role in creating the Pitt-FSU
added to the level scheme &f'Yb. The present study rep- y-ray array and to the UK Gamma-Ray Community for the
resents the first detailed investigation of excited states in alban of several HPGe detectors. This work was supported by
odd-N nucleus by the projected shell model. the U.S. National Science Foundation and the State of

Overall the PSM calculations show a most impressiveFlorida. This research was performed under the auspices of
agreement with experiment fot’*Yb, demonstrating the the U.S. Department of Energy for Lawrence Livermore Na-
power of this model for describing low- to medium-spin ro- tional Laboratory under Contract No. W-7405-ENG-48.
tational structures in deformed rare-earth nuclei. The PSM i81.A.R. and J.S. acknowledge the receipt of a NATO Col-
not able to describe all the experimental observations, howlaborative Research Grant.
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